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PREFACE 
This thesis describes the results of research carried out in 
the Department of Biochemistry, John Curtin School of Medical Research, 
Australian National University, Canberra, from March 1973 to June 1977, 
under the supervision of Dr G.B. Cox and Prof. F. Gibson. 
The general abbreviations used without definition are those 
recommended by The Biochemical Journal. In addition, the following 
were used: 
ALA 
ATP 
Mg-ATPase 
CCCP 
DBS 
DCCD 
DHB 
+ -
-+I-I I 2e 
HQNO 
Pi 
TMPD 
UV 
5-aminolaevulinic acid 
adenosine 5'-triphosphate 
2+ . 1 d d . . h Mg -stimu ate a enosine trip osphatase 
carbonylcyanide-m-chlorophenylhydrazone 
2,3-dihydroxy-N-benzoyl-L-serine 
dicyclohexylcarbodiimide 
2,3-dihydroxybenzoate 
the number of protons translocated per 
two electrons transferred 
2-heptyl-4-hydroxyquinoline-N-oxide 
inorganic orthophosphate 
2,3,5,6-tetramethyl-p-phenylene diamine 
ultraviolet 
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ABSTRACT 
Energy conservation associated with the site I region of the 
electron transport chain was studied in Escherichia coli. Site I 
specific assays for the measurement of energy conservation were 
developed in both membrane preparations and intact cells from a 
cytochrome-deficient strain. 
Membrane preparations were fractionated on the basis of size 
by glycerol gradient centrifugation. However, the isolation of a 
subfraction of vesicles with higher P/0 ratios than those obtained 
in unfractionated membranes, was not achieved. Fractionation of the 
membrane preparation by gel chromatography could not be achieved 
without prior washing of the membranes in low ionic strength buffer, 
a procedure which solubilised the Mg-ATPase from the membrane. 
An assay to measure ATP synthesis at · site I was subsequently 
developed 1n an unfractionated membrane preparation. Menadione was 
concluded to be a suitable electron acceptor to measure electron 
transfer between NADH and cytochrome b, accepting from a site prior 
to cytochrome b. In addition, the inhibition, by piericidin A and 
HQNO, of electron transfer from NADH to menadione but not from 
D-lactate to menadione confirmed the presence of a site of ubiquinone 
functioning before cytochrome b, and suggested that menadione was 
accepting electrons from a site at or after this site of ubiquinone. 
Significant levels of ATP synthesis coupled to electron transport 
between NADII and menadione could not be detected. The P/2e ratios 
obtained were generally less than 0.01, in contrast to the P/0 ratios 
of 0.1-0.2 obtained as a measure of phosphorylation at site II. 
Xl 
Xll 
Site I could not be induced by growth of cells on glycerol or by growth 
of cells to stationary phase . Soluble coupling factors did not appear 
to be required for coupling activity at site I. 
The measurement of respiration-linked proton translocation in 
a site specific assay in intact cells from a cytochrome-deficient strain, 
+ -yielded -+H /2e ratios of approximately 2 with mannitol as substrate 
and demonstrated the presence of a site of proton translocation coupled 
to electron transfer between NADH and menadione. +H+/0 ratios of 
approximately 4 with mannitol as substrate and 2 with D-lactate as 
substrate were obtained in cells reconstituted for cytochromes with 
5-aminolaevuliniG acid, indicating the presence of two proton 
translocating sites in the aerobic respiratory chain of E.coli. A 
ra:fio 
+ -
-+H / 2e of 2 per coupling site was assumed. Menadione stimulated the 
I\ 
uptake of praline in haem-deficient cells energised by mannitol. 
Therefore, active transport could be coupled to the generation of the 
"high- energy" membrane state at site I. 
The effect of iron limitation on respiration-linked proton 
translocation was investigated in a mutant strain deficient 1n 
enterochelin synthesis and therefore unable to obtain iron by the 
enterochelin-mediated system of iron transport. In cytochrome-deficient 
cells, a proton gradient coupled to electron transfer from NADH to 
menadione was not generated and in cells reconstituted for cytochromes, 
only the site of proton translocation coupled to D-lactate oxidation 
was observed. The results suggested that proton translocation at site 
I was lost under conditions of iron limitation. The finding that 
menadione reductase activity was retained in the absence of proton 
translocation suggested that the iron component of the proton translocation 
site was more sensitive to iron limitation than other non-haem iron 
components in the site I region. The operation of a "bypass" route of 
I 
' I
xiii 
electron transfer between NADil and menadione was suggested to explain 
the observed non-proton-translocating sequence at site I. Menadione 
reductase activity was lost in ALA-reconstituted and ALA-sufficient 
cells. It was concluded that, under conditions of iron limitation 
non-haem iron was removed from a site at or before the site of menadione 
interaction to complex with haem during the reconstitution of cytochromes. 
There was a concomitant loss of oxidase activity. The non-haem iron 
from the NADH oxidase was removed more readily than from the 0-lactate 
oxidase, indicating the presence of at least two different species of 
non-haem iron in the electron transport chain of E.coli. The iron-
containing sites from which menadione accepts electrons are possibly 
iron-sulphur proteins. A non-haem iron-ubiquinone complex was 
suggested to be the proton-translocating component at site I. 
A non-proton-translocating sequence of electron carriers at 
site I was also observed in cytochrome-sufficient cells grown under 
normal conditions , and in mutant strains uncoupled in oxidative 
phosphorylation . However, proton translocation at site I was induced 
in the uncoupled mutants when grown on glycerol. A scheme, showing 
the suggested functioning of the proton-translocating respiratory 
chain of E.coli and the postulated iron components in the site I 
region, was presented on the basis of the experimental results obtained 
and was discussed with reference to energy conservation at site I in 
E.coli . 
Chapter I 
INTRODUCTION 
The work reported in this thesis is concerned with the 
membrane-associated process of energy conservation in Escherichia coli, 
and in particular, investigates energy conservation in the site I region 
of the electron transport chain of E.coli. Site I is defined as that 
region of the electron transport chain between NADH and cytochrome b. 
This thesis describes the development of assay systems initially with 
membrane preparations to measure ATP synthesis coupled to electron 
transport at site I, and subsequently in whole cell preparations to 
measure respiration-linked proton translocation. 
Before the work on the specific subject of interest is 
described, background on the general topic of oxidative phosphorylation 
will be presented. In general, only literature which had been published 
prior to 1974 is reviewed in this introduction. 
Current concepts of the role of membranes in energy metabolism 
were developed initially from studies with mitochondria and chloroplasts. 
This chapter outlines the electron transport chain and aspects of energy 
conservation in mitochondria and also in bacteria with particular reference 
to E.coli. The effect of phenotypic and genotypic modifications of the 
electron transport chain on the efficiency of -energy coupling is 
discussed, with an overall view of the similarity of mitochondrial and 
bacterial respiratory chains. 
2 
A. ELECTRON TRANSPORT CHAINS 
(a) Mitochondria 
The arrangement of respiratory carriers and the principles 
of energy conservation in mitochondria are based on experiments using 
mammalian and yeast mitochondrial systems. The respiratory chain 
is a system of spatially-organised dehydrogenases and cytochromes which 
bring about electron transport. The oxidation of electron donors such 
as NADH and succinate is catalysed by a multienzyme chain associated 
with the inner (cristae) membrane of the mitochondrion [see Racker, 
1970]. The respiratory chain includes both hydrogen and electron 
carriers, such as flavoproteins, quinones and cytochromes. A proposed 
sequence of electron transport components is shown in Fig.I.land has 
been determined using a variety of techniques: by the use of inhibitors 
[Klingenberg, 1968]; by following the rate of transfer of reducing 
equivalents [Chance, 1952; Storey & Chance, 1967]; from the redox 
potentials of the carriers [Lehninger, 1964]; by separation and 
reconstitution of respiratory chain complexes [Kagawa , 1972; 
Racker & Kandrach, 1971; Hinkle, Kim & Racker, 1972; Ragan & Racker, 
1973]. 
(b) Bacteria 
The sequence of electron carriers in the bacterial respiratory 
chain appears to be more complex and less well established than in 
mitochondria as the components and relative proportions vary markedly 
... 
in response to different environmental conditions [see Ge l'man et al .~ 
1967]. Studies with Mierococcus denitri ficans have indicated that the 
aerobic respiratory chain is similar to that of mitochondria [Imai et al.~ 
1968a ~b ; Sapshead & Wimpenny, 1972] . The complexity of bacterial 
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FIGURE I.l Schematic representation of the mitochondrial electron 
transfer chain showing the coupled phosphorylation sites and points 
of interaction of some respiratory inhibitors. The brackets on 
cytochrome b designate a structural function and possible electron 
transfer function in 'intact mitochondria. Flavoproteins: Fp - electron 
transfer flavoprotein; Fp01 - NADH dehydrogenase; Fp02 - succinate 
dehydrogenase; Fp03 - fatty acyl CoA dehydrogenase. N-H Fe-specific proteins containing non-haem iron. From Lardy & Ferguson (1969). 
respiratory chains arises from the presence of branched electron 
transport chains [White & Sinclair, 1971] which contain a diversity 
4 
of cytochromes [Kamen & Horio, 1970; Horio & Kamen, 1970]. The 
respiratory chain of aerobic bacteria in general contain several 
dehydrogenases (NADH, D-lactate, malate, etc.), ubiquinone or menaquinone 
and cytochromes of groups a3 band c [Gel'man et al. 3 1967]. 
A wide range of bacteria have been used in the study of 
bacterial respiratory chains, for example, Escherichia coli3 Haemophilus 
parainfluenzae 3 Azotobacter vinelandii3 Mycobacterium phlei3 Micrococcus 
lysodeikticus 3 and the lack of uniformity is distinctly revealed by a 
comparison of the composition and sequence of the components [see 
Gel'man et al. 3 1967]. Only the electron transport chain of Escherichia 
coli3 which is the organism used in the present work, is considered here. 
(c) Electron Transport Chain of E.coli 
Escherichia coli is a facultative anaerobe which develops a 
variety of electron transport chains depending on growth conditions 
[White & Sinclair, 1971; Shipp, 1972; Haddock & Schairer, 1973; 
Ashcroft & Haddock, 1975; Haddock, Downie & Garland, 1976; Jones, 1977]. 
The terminal electron acceptor is oxygen in aerobically grown cells 
and either nitrate or fumarate in anaerobically grown cells [Ruiz-Herrera 
& De Moss, 1969; Newton et al. 3 1971]. 
In early studies on the respiratory- chain of E.coli 3 Kashket & 
Brodie (1963b) irradiated membranes at 360nm to deplete them of quinones. 
This resulted in the loss of NADH and succinate oxidase activities. 
Reactivation of NADH-cytochrome c reductase and succinate-cytochrome c 
reductase activities, obtained by the addition of either ubiquinone or 
menaquinone, l ed to the conclusion that menaquinone was involved in NADH 
s 
oxidation while ubiquinone was involved in succinate oxidation and that 
in both oxidase systems , quinones functioned before cytochrome b. 
However, Bragg (196Sa,b) irradiated a menadione reductase preparation 
from E.coli and observed a quinone-independent reduction of cytochrome 
bin the presence of menadione. Bragg & Hou (1967a 3 b) grew cells from 
E.coli under highly aerobic conditions where only ubiquinone was formed, 
and isolated a smal l particle fraction from cell extracts which contained 
NADH oxidase activi ty. Three enzymes were solubilised from this fraction, 
menadione-reductases I and II and a soluble NADH oxidase. The behaviour 
of menadione reductase I with inhibitors closely resembled that of the 
intact NADH oxidase of the small particle fraction, from which it was 
suggested that enzyme I was the major NADH dehydrogenase of the electron 
transport chain. Only menaquinone reductase II showed a low level of 
NADH-ubiquinone-8 reductase activity. It was concluded that at least 
two parallel pathways for the oxidation of NADH were present and that 
the maJor pathway was independent of ubiquinone. In yet a different 
approach, Jones (1967) used a triple aromatic auxotroph of E.coli that 
was unable to synthesise ubiquinone and concluded that ubiquinone was 
functional in the NADH oxidase system prior to cytochrome b. 
Cox et al . (197Gb) made a more extensive study of ubiquinone 
function in E.coli using mutants unable to form ubiquinone and also 
using various inhibitors of the respiratory chain. Comparisons of the 
percentage reduction of flavins, cytochrome band cytochrome din the 
aerobic steady state in membranes from a norma1 and ubiquinone-deficient 
strain led to the proposal that ubiquinone functions at two sites in the 
electron transport chain, both before and after cytochrome b . Based on 
these observations, the electron transport scheme shown in Fig.I.2 was 
advanced. Furthermore, Newton et al . (1971) showed that NADH , malate 
and D-lactate oxidase systems were unimpaired in a menaquinone-deficient 
6 
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FIGURE 1.2 Scheme showing sequences of electron carriers in the 
aerobic electron transport chain of E.coli as proposed by Cox et al. 
(1970b), and showing the coupled phosphorylation sites and sites of 
piericidin A, HQNO, CO and CN- inhibition. Abbreviations: Fp, 
flavoprotein; Q*, ubisemiquinone .; cyt, cytochrome. 
) 02 
strain which indicated that this quinone was not involved in aerobic 
respiration. As the conditions of growth of the E.coli strains used 
in this present work were similar to those used by Cox et al . (197Gb), 
the scheme shown in Fig .I. 2 will be used as a working model for the 
project to be described in this thesis. 
B. EFFICIENCY OF ENERGY CONSERVATION 
7 
Oxidative phosphorylation in mitochondria involves the synthesis 
of adenosine triphosphate (ATP) coupled to the oxidation of substrate. 
Phosphorylation takes place at specific sites in the respiratory chain 
in a fixed proportion of 3 moles of ATP per mole of oxygen reduced 
with NADH as substrate and 2 moles of ATP per mole of oxygen reduced 
with succinate as substrate [Lehnin-ger, 1964]. The phosphorylation 
sites [Chance & Williams, 1956] have been located in specific regions 
of the respiratory chain as shown in Fig.I.I [Lardy & Ferguson, 
1969]. The P/0 ratio as defined,identifies three coupling sites 
associated with NADH oxidation in mitochondria and for a given substrate, 
is a measure of the efficiency of energy coupling. 
The number of phosphorylation sites present in the bacterial 
respiratory chain has not been so easily determined, as the impermeability 
of the membranes to adenine nucleotides prevents the direct measurement 
of P/0 ratios in whole cells. 
Attempts to determine the efficiency of energy conservation in 
intact cells from E.coli have been made using measurements of molar 
growth yields [Harrison & Loveless, 1971] which indicated the presence 
of two coupling sites,while Hempfling (1970) concluded three sites based 
on measurements of ADH oxidation and adenine nucleotide levels. This 
technique was criticised by van der Beek & Stouthamer (1973), while the 
8 
use of molar growth yield experiments to estimate ATP synthesis has been 
criticised by Stouthamer & Bettenhausen (1973). 
P/0 ratios have been determined with bacterial membrane 
preparations but lower values than those with intact mitochondria have 
been obtained. Bacterial systems also fail to exhibit respiratory control, 
by showing continued respiration in the absence of ATP synthesis. Damage 
to bacterial membranes during isolation may be responsible for the low 
P/0 ratios obtained [see Gel'man et al.~ 1967]. Ratios of 0.1 have 
generally been obtained in membrane preparations from E.coli [Butlin 
et al.~ 1971]. However,cell-free extracts from M.phlei have yielded 
P/0 ratios of 1.2-2.0 with a number of substrates including succinate, 
pyruvate and malate [Brodie & Gray, 1956]. When phosphorylation was 
assayed in a particulate fraction, P/0 ratios with added NADH were 
lower, about 0.3, while succinate-iinked and NAD+-independent malate-
linked pathways yielded P/0 ratios of about 0.8 [Asano & Brodie, 1965]. 
It was concluded that the comparatively low efficiencies of oxidative 
phosphorylation were due to the simultaneous functioning of several 
electron transfer pathways only some of which were coupled to ATP 
synthesis. Non-phosphorylating NADH oxidase systems have been found in 
a number of phosphorylating systems of other bacteria [Dolin, 1961]. 
P/0 ratios were increased up to 0.3 with NADH as substrate and from 
0.4 to 1.1 with malate as substrate in extracts from E.coli following 
removal of the soluble "bypass" enzymes from the supernatant fraction 
[Kashket & Brodie, 1963a]. 
The conclusion that phosphorylation is coupled to oxidation 
at more than one site in the electron transport chain has been drawn 
from the different P/0 ratios obtained with different added substrates. 
However, it is of interest to determine which segments of the 
respiratory chain are coupled to phosphorylation. It is difficult 
to locate the phosphorylation sites when components of specific 
segments of the electron transport chain have not been established. 
Studies undertaken to identify the electron carriers involved at 
the coupling sites will be described later in this chapter. 
C. PROPOSED MECHANISMS OF OXIDATIVE PHOSPHORYLATION 
In studies on mitochondrial energy transformations, it was 
found that the energy derived from electron transport at the three 
9 
sites of energy conservation between NADH and oxygen, is not only used to 
drive ATP synthesis but is also required to carry out a variety of energy-
dependent processes: 
NAO+ by succinate), 
reversal of electron transport (reduction of 
+ transhydrogenation (reduction of NADP by NADH) and 
the accumulation of ions and substrates against a concentration gradient. 
It was suggested that these energy-linked processes were driven by an 
energised state of the mitochondrial membrane and that this state can 
be generated by the oxidation of electron donors, by ATP hydrolysis or 
even by ion concentration gradients [Danielson & Ernster, 1963; 
Boyer, 1968; Greville, 1969; Lardy & Ferguson, 1969]. The existence of 
this "high-energy" membrane state, designated """ is diagrammatically 
represented in Fig.I.3. The search for the mechanism that couples 
respiratory chain oxidoreductions to ATP synthesis has produced numerous 
hypotheses to explain the nature of the "high-energy" membrane state. 
TI1e major one s will be briefly described. 
(a) The Chemical Coupling HYPothesis 
The chemical coupling hypothesis as originally proposed by 
Slater (1953) postulates that the energy released by the redox reactions 
of adjacent electron carriers is conserved in the form of a high-energy 
NADP 
Transhydrogenation 
( 
Dissipation by 
uncouplers (eg CCCP) 
Respiration 
" 
ATP 
" 
( 
Inhibitors 
(oligomycin 
OCCD) 
) 
FIGURE I.3 Diagrammatic representation of the "high - energy" 
membrane state designated""'"· From Harold (1972). 
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The energy is transferred to an additional intermediate x-r containing 
a high-energy covalent bond such as an anhydride bond [Mitchell, 1966a] 
then is transferred to the phosphorylated intermediate X-P, the precursor 
of ATP. X and I would be common to all phosphorylation sites and 
energy-dependent processes would be driven directly or indirectly by 
X-I involving specific proteins [Greville, 1969]. The inability to 
identify redox carriers in the form A -I has led to the formation of 
ox 
alternative hypotheses. 
(b) The Conformational Coupling Hypothesis 
The conformational coupling hypothesis lBoyer, 1964] suggests 
that the energy released by electron transfer induces conformational 
changes which result in the formation of thioester linkages in a redox 
carrier. The strained configuration of the carrier would be equivalent 
to X-I of the chemical hypothesis and its relaxation is then thought 
to drive a conformational change in the ATPase, the relaxation of which 
releases energy which is transferred to ADP and drives ATP synthesis. 
Green et al. (1968) suggested an alternative version of this hypothesis 
in which redox energy is conserved instead in a conformationally-
energised form of the cristae membrane. 
(c) The Chemiosmotic Hypothesis 
The chemiosmotic hypothesis of Mitchell (1961, 1966a.,b.,c., 
1968) was based on the following fundamental postulates: 
(1) the inner mitochondrial membrane which contains the electron 
transport chain is essentially impermeable to most ions, 
+ including both H and OH; 
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(2) the respiratory chain consists of a sequence of alternating 
hydrogen and electron carriers arranged in loops across the 
membrane such that electron flow during respiration is 
obligatorily coupled to the translocation of protons (written 
+ 
-+H ) from the inner matrix across the membrane (see Fig. I. 4). 
The number of protons translocated per pair of reducing 
equivalents transferred at each loop (written -+H+/2e- ratio), 
equivalent to a single energy conservation site, is 2. The 
oxidation of NADH would therefore result in six protons moving 
across the membrane. Translocation of protons is equivalent 
to the movement of OH in the opposite direction. Therefore 
+ 
substrate oxidation distributes H and OH on opposite sides 
of the membrane and establishes both a pH and an electrochemical 
gradient across the membrane. The sum of these two gradients 
constitutes the protonmotive force (pm£) which according to 
this hypothesis represents the "high-energy" membrane state. 
The pmf is written 6p = 6~ - Z6pH where 6p = pmf, 
6~ = the membrane potential (interior negative), 6pH = the 
proton gradient (interior alkaline) and Z = 2.3 RT/F; 
(3) the pmf generated by the respiratory chain reverses the 
direction of the ATPase to bring about nett ATP synthesis. 
In addition,the pmf drives energy-linked reactions such as 
solute transport. 
It is implicit in this hypothesis that the pm£ can 
only be maintained in a closed membrane structure and that 
the proton gradient is not dissipated. 
OUTER PHASE MEMBRANE INNER PHASE 
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FIGURE I.4 Suggested folding of the protonmotive 
respiratory chain system [after Mitchell, l966b ,c]. This 
diagram indicates how the vectorial protonmotive property 
might be accounted for by appropriate folding of the 
respiratory chain into a looped type of topological 
arrangement across the membrane. 
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D. RESPIRATION-LINKED PROTON TRANSLOCATION IN MITOCHONDRIA AND BACTERIA 
As previously discussed in section I.B, the efficiency of 
energy coupling has been determined from measurements of P/0 ratios at 
least with mitochondrial systems. More recentl~ the measurement of 
+ 
-+H /2e ratios has provided an alternative method of elucidating the 
number of coupling sites. This technique offers the advantage that it 
can be used with whole mitochondria or suspensions of intact bacterial 
cells and is therefore of relevance to bacterial systems. Mitchell & 
Moyle (1967a 3 b) measured reipiration-linked proton translocation with 
mitochondria, establishing -+H+/0 ratios of 6 with NADH as substrate and 
4 with succinate (see Fig.I . 4). + -Evidence for the -+H /2e ratio of 2 
per site has come primarily from experiments measuring partial reaction 
sequences of the respiratory chain in which the length of the chain under 
study has been altered by using different oxidants such as oxygen, 
ferricyanide [Mitchell & Moyle, 1967b] or the oxidised quinone analogues, 
ubiquinone-1 or duroquinone [Lawford & Garland, 1972]. Alternatively, 
different reductants have been used such as NADH, succinate, TMPD + 
ascorbate [Mitchell & Moyle, 1967b] or reduced quinone analogues such 
as ubiquinol-1 and duroquinol [Lawford & Garland, 1973]. In yet a third 
approach, mitochondria from a mutant of Candida, utilis with an alternative 
oxidase possessed only one functional energy conservation site and 
yielded -+H+/0 ratios of 2 with NADH as substrate [Downie & Garland, 1973]. 
The measurement of proton translocation coupled to electron transport 
+ -between NADH and ubiquinone-1 yielded a -+H /2e -- ratio of 2 and 
represented a site specific assay. + -A -+H /2e ratio of 4 was 
subsequently obtained with the quinol as substrate. 
Respiration-linked proton translocation in intact cells from 
bacterial systems was first measured with Micr ococcus denitrificans by 
Scholes f, Mitchell (1970) an<l with Staphylococcus aureus [Jea cocke et al . 3 
~£ 
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1972]. + -+H /0 ratios of 8 were obtained for endogenous substrates with 
M.denitrificans and since the respiratory chain of this bacteria is 
similar to that of mitochondria [Scholes & Smith, 1968; Imai et al.~ 
1968a], it was concluded that three proton-translocating loops as well 
as a loop corresponding to the transhydrogenase reaction in mitochondria 
(loop O) [see Mitchell, 1966c] were present. However, in analogous 
experiments with E.coli, measurements of proton translocation were 
characterised by lower -*l+/0 ratios (about 3-4) than had been observed 
in other bacterial systems [West & Mitchell, 1972]. The substrate 
being oxidised was not defined in these experiments. Subsequently 
Lawford & Haddock (1973) demonstrated -*H+/0 ratios of 4 with NADH-linked 
substrates such as malate and about 2 with the flavin-linked substrates 
glycerol-3-phosphate and succinate. From these observations it was 
concluded that two conservation sites were present in the aerobic 
respiratory chain of E.coli, in · contrast to the three sites functioning 
in cells from M.denitrificans. However, confirmation of the location 
of the proton translocation sites in E.coli is required and the 
experimental work presented in Chapter V describes the development of a 
site specific assay for the measurement of proton translocation in 
whole cells from E.coli. 
E. THE SITE I REGION OF THE ELECTRON TRANSPORT CHAIN 
The mechanism of electron transfer arrd energy cons ervation in 
the site I region has proved a difficult problem to solve in the study 
of the respiratory chain. For one reason,the site I segment contains 
many iron-sulphur components and its labile structure has hindered isol ation 
and reconstitution studies of the respiratory components [King e t al .~ 
1966; Singer & Gutman, 1971; van Dam & Meyer, 1971]. Secondly, the 
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NADH dehydrogenase is present in a lower concentration than are the 
cytochromes and, because of its lack of readily measurable absorption 
bands in the visible region, spectrophotometric techniques used in the 
study of sites II and III [Wilson & Dutton, 1971; Slater 1971; Chance, 
1972] have had limited use for the study of site I. However, recent 
advances in electron paramagnetic resonance (EPR) techniques have 
resulted in increased sensitivity in the detection of iron-sulphur 
proteins. 
Fragmentation of the mitochondrial respiratory chain separated 
four segments or complexes which catalysed partial reactions of the 
chain [Hatefi, 1963; Kagawa, 1972]. Complex I corresponded to the 
purified NADH-ubiquinone reductase and contained flavin and non-haem 
iron. The remainder of the chain was located in Complexes II, III, IV 
[see Kagawa, 1972]. The properties of Complex I include the rotenone-
sensitive reduction of ubiquinone analogues (ubiquinone-1, ubiquinone-2) 
by NADH and the reconstitution of NADH oxidase with Complexes III, IV and 
cytochrome c [see Ragan, 1976]. Energisation and ATP synthesis can be 
coupled to NADH-ubiquinone-1 oxidoreductase activity when Complex I is 
inserted into phospholipid vesicles [Schatz & Ra~ker, 1966]. Proton 
translocation accompanying quinone reduction with a ""*1+/2e- ratio of 
about 2 was expected from the operation of one coupling site associated 
with Complex I [Ragan, 1976]. 
EPR spectroscopy has revealed the complexity in the iron-
sulphur groups of the NADH dehydrogenase of beef heart mitochondria 
[Orme-Johnson et al. 3 1971]. In addition, the EPR signals from the 
NADH dehydrogenase region of mitochondria from pigeon heart, Candida 
utilis and Saccharomyces have been described [for references see Ragan, 
1976]. Studies on the electron transport components of site I mainly 
I 
from the yeast Candi da utilis will be swrunarised here. 
Mitochondria from C.utilis,unlike mammalian mitochondria, 
are capable of oxidising exogenous NADH but with energy conservation 
17 
at sites II and III only [Ohnishi et al. 3 1966; Light & Garland, 1971]. 
However, site I phosphorylation is present in the oxidation of 
endogenous NADH. It has been shown that there are two different NADH 
dehydrogenases located in the cristae of C.utilis mitochondria: one 1s 
located on the inner surface of the cristae and oxidises NADH generated 
in the matrix space (internal pathway), the other is located on the outer 
surface of the cristae and oxidises cytoplasmic NADH (external pathway) 
[Ohnishi et al. 3 1966; von Jagow & Klingenberg, 1970; Light & 
Garland, 1971]. Piericidin A sensitivity of NAD-linked substrate 
oxidation measured in intact mitochondria parallels the presence or 
absence of site I phosphorylation but the oxidation of NADH by sub-
mitochondrial particles is sensitive to piericidin A. The internal NADH 
dehydrogenase is piericidin A sensitive and associated with phosphorylation 
at site I [see Ohnishi, 1973]. However, Clegg & Garland (1971) have 
reported the presence of site I in the absence of piericidin A 
sensitivity in intact mitochondria. Site I can be repressed under 
certain growth conditions, for example it has been shown to be absent 
in mitochondria from cells in exponential phase [Ohnishi, 1972]. 
Furthermore, it has been established that energy coupling at site I 
is utilised bnly when cells are growing under suboptimal conditions 
[Ohnishi, 1973]. 
111e existence of site I energy coupling in mitochondria from 
Saccharomyces has been a matter of controversy. Several groups of 
workers [Schatz & Racker, 1966; Balcavage & Mattoon, 1968; Kovac e t al. 3 
1968; Light & Garland, 1966] have reported its absence. However it can 
be induced after prolonged starvation of stationary phase cells [Ohnishi, 
1970; Mackler & Haynes, 1973] or during ethanol-limited growth [Light 
& Garland, 1971]. 
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Evidence obtained from EPR signals ar1s1ng from iron-sulphur 
proteins associated with the NADH dehydrogenase region has indicated 
the direct involvement of iron-sulphur centres in electron transfer 
and energy conservation at site I. The iron-sulphur protein(s) which 
give rise to the EPR signals in the g=l.94 region have been suggested 
to be closely related to piericidin A (or rotenone) sensitivity and to 
the presence of site I. This signal is absent in mitochondria from 
Saccharomyces . Five iron-sulphur centres have been identified [Ohnishi 
et al .> 1972a>b]. 111e centres have been designated (Fe-S)la,lb,2,3,4 
according to Orme-Johnson et al. (1971). Centres la and 2 exhibit 
alterations of their half-reduction potentials which are dependent on 
the absence or presence of ATP and have been suggested to be involved 
in coupling at site I [Ohnishi, 1973]. A similar experimental approach 
was used by Wilson & Dutton (1970a>b) to assign a direct involvement of 
cytochromes bT and a 3 1n energy transduction at site II and site III 
respectively (see Fig.I.5). 
The sequence of electron carriers and the number of iron-
sulphur proteins present in the site I region of the respiratory chain 
of E.coli has not been well established. There has been no comparable 
study of EPR signals associated with the site I region, consequently 
the number of iron-sulphur proteins present 1s not known. 
F. USE OF PHENOTYPIC AND GENOTYPIC VARIANTS OF MICRO-ORGANISMS IN THE 
STUDY OF ENERGY CONSERVATION 
The use of micro-organisms, particularly yeas t and bacteria, 
1n the study of energy conservation has been characterised by two 
• 
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FIGURE I.5 Scheme showing respiratory chain components, energy coupling sites and the reaction 
sites of respiratory inhibitors in mitochondria from pigeon heart. The iron-sulphur centres (Fe-S) 
are designated according to Orme-Johnson et al. (1971). From Ohnishi (1973). 
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experimental approaches: 
(1) the study of phenotypic variations in the respiratory chain 
in response to the modification of environmental conditions; 
(2) the isolation of mutants defective in components of the 
respiratory chain and in energy conservation. 
Phenotypic variants of yeast in particular have provided an 
access to the study of the electron transport chain in the site I 
region to establish the role of the non-haem iron-sulphur proteins in 
parallel with developments in EPR techniques. 
(a) Yeast 
20 
The phenotype of an organism is generally determined from the 
carbon source and the electron acceptor present for either aerobic or 
anaerobic growth. All other nutrients are generally in excess so as 
not to limit the growth rate of the organism. The transition from one 
phase of growth to another can result in changes in functions which are 
induced under the new conditions, for example, the induction or 
disappearance of site I in mitochondria from the yeast Candida utilis 
[Katz, 1971; Katz et al., 1971; Cobley et al., 1973; Grossman et al.~ 
1974] and Saccharomyces [see Ohnishi, 1973 and section I.E] during the 
transition from exponential to stationary phase. 
However the phenotype of an organism can also be altered by 
making a growth nutrient, other than the carbon -source or the terminal 
electron acceptor, rate-limiting for growth. Limitation of growth of 
C.utilis by iron resulted in lowered levels of cytochromes [Ohnishi et 
al .~ 1969; Clegg & Garland, 1971]. In addition, sulphate-limited growth 
[Haddock & Garland, 1971] resulted in functional alterations of the electron 
transport chain and the reversible loss of energy conservation between 
ADH and cytochrome b [Light & Garland, 1971; Clegg & Garland, 1971]. 
P/0 ratios coupled to NADH-oxidation decreased from 3 to 2 while 
P/0 ratios with succinate remained at 2. In support of this 
+ . 
observation, Downie & Garland (1973) observed that ~H /0 ratios of 6, 
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obtained in glycerol-limited cells, decreased to 4 in sulphate-
deficient cells. The evidence suggested that the altered behaviour of 
the respiratory chain was due to the loss or modification of iron-
sulphur proteins at site I. 
The loss of site I during iron-limited or sulphate-limited 
growth was paralleled by a loss in piericidin A sensitivity and loss of 
the g=l.94 EPR signal from the iron-sulphur proteins [Ohnishi et al. 3 
1969; Cobley et al. 3 1975]. There have been reports of the dissociation 
of site I from piericidin A-sensitivity [Clegg et al. 3 1969; Clegg & 
Garland, 1971; Haddock & Garland, 1971]. It is now evident that site 
I and piericidin A sensitivity are not obligatorily coupled and the 
correlation is dependent on the substrate and growth conditions. This 
point has been clearly debated by Ohnishi (1973). 
A wide range of genetic variants have been isolated in yeast 
and predominantly in Saccharomyces cerevisiae as the genetics of this 
strain is well defined [see review by Kovac, 1974]. Such mutants 
include cytoplasmic respiration-deficient mutants (designated p-) in 
which deletions of the mitochondrial genome occur. The inability of 
these mutants to carry out mitochondrial protein synthesis results in 
a loss of mitochondrial functions such as respiration. Cytochromes a 3 
band c 1 are absent. The ATPase is oligomycin-insensitive and 
mitochondria from p mutants do not show ATP-pyrophosphate exchange 
activity. Other energy-linked reactions including oxidative 
phosphorylation are lost. In addition to the cytoplasmic respiration-
deficient mutants, a number of single gene nuclear mutants are known 
which exhibit respiratory chain deficiencies [Kovac, 1974] and have 
been found to lack cytochrome a~ b or c. A mutant containing only 1% 
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of the normal level of cytochrome oxidase was isolated in Candida utilis 
[Downie & Garland, 1973]. This strain possessed an alternative oxidase 
which allowed normal rates of respiration but the respiration was 
insensitive to antimycin A and cyanide and was coupled only to the 
first site of oxidative phosphorylation. 
A third class of yeast mutant isolated includes a number of 
single-gene nuclear mutants which show oligomycin-resistant ATPase 
activity and are affected in oxidative phosphorylation. 
(b) Bacteria 
Similar studies of phenotypic variants in bacterial systems 
under conditions of iron-limitation are more restricted. Studies by 
Imai et al. (1968a) on the respiratory chain of Micrococcus denitrificans 
established that the NADH-cytochrome b region was similar to that of 
mammalian mitochondria. Both systems contain .two types of sulphydryl 
groups, a flavin, a rotenone sensitive site and ubiquinone-10, and 
electron flow from NADH to ubiquinone-10 is necessary for phosphorylation. 
An EPR signal at g=l.94 obtairied on reduction with NADH but not with 
succinate also indicated the presence of a functional non-haem iron in 
the NADH dehydrogenase region. However, in contrast to the results 
obtained with C.utilis~ under conditions of iron-deficiency, oxidative 
phosphorylation in membranes from M.denitrificans was not affected by 
iron-deficiency although the EPR signal at g=l.94 disappeared. Thus 
it was not clear whether the non-haem iron as well as being a component 
of the respiratory chain, has a role in energy-coupling in M. denitrificans . 
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Iron-limited growth of E.coli under aerobic conditions resulted 
in the decreased synthesis of b-type cytochromes and lowered levels of 
non-haem iron and of NADH and succinate oxidase activities [Rainnie & 
Bragg, 1973]. As a result of the accompanying decrease in growth yields, 
• 
it was proposed that non-haem iron was involved in energy coupling in 
E.coli. 
Iron-limitation in E.coli can be achieved either by decreasing 
the iron content of the growth mediwn as described above or, as in the 
present work,by using mutants unable to synthesise components of the 
enterochelin-mediated iron-transport system [Cox et al.~ 1970a]. A scheme 
summarising the enterochelin system for iron transport in E.coli is 
shown in Fig.I.6 [from Rosenberg & Young, 1974]. 
Enterochelin is synthesised under iron-deficient conditions, 
excreted into the external medium where it chelates iron to form ferric-
enterochelin. This complex is then actively transported into the cell 
where the enterochelin moiety is hydrolysed to yield dihydroxybenzoyl-
serine (DBS) and iron is released for general cell metabolism. The 
hydrolysis products of enterochelin are excreted into the external medi um. 
Seven genes (entA-G) concerned with the biosynthesis of 
enterochelin from chorismate have been identified [Luke & Gibson, 1971; 
Young et al., 1971; Woodrow et al., 1975]. Mutants (designated fep-) 
have been isolated that are defective in the enterochelin-mediated iron 
uptake system [Cox et al., 1970a; Langman et at.~ 1972]. Cytochrome 
concentrations and levels of total iron are lowered in ent and f ep 
mutants [Cox et al.~ 1970a]. Such mutants provide an alternative means 
of studying the effect of iron limitation on energy conservation in 
E.coli. This aspect will be discussed in Chapter VI. 
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INTERIOR OF CELL EXTERNAL MEDIUM 
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FIGURE I.6 A scheme describing the operation of the enterochelin 
system of iron transport in E.coli K-12. The steps affected in the 
various classes of mutants are indicated. From Rosenberg & Young 
(1974). 
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A l arge number of mutant strains of E.coli have been isolated 
that are defective in their ability to synthesize such components of 
the electron transport chain as ubiquinone (ubi-), menaquinone (men-) 
cytochromes (hem-) as well as mutants uncoupled in various energy-linked 
reactions (wzc-) [see Gibson & Cox, 1973]. 
G. ORGANISATION OF THESIS 
At the commencement of this work, the general scheme for the 
functioning of the aerobic respiratory chain in E.coli had been advanced 
(see Fig.I . 7) and was based on studies of ubiquinone function integrated 
with studies on uncoupled mutants. However, little was known about the 
possible energy-coupling site between NADH and cytochrome b. P/0 ratios 
with NADH as substrate yielded values as low as those obtained with 
D-lactate (about 0.1-0.2). Therefore the P/0 ratio assay as such could 
not establish whether ATP was being produced at a site other than the 
site between cytochrome band oxygen. 
The primary aim of this thesis was to investigate and to 
develop assay systems for the measurement of energy coupling at the site 
between NADH and cytochrome b 3 referred to here as site I. A site I 
assay to measure P/2e ratios was initially developed in membrane 
preparations. As discussed extensively in this chapter, respiration-
driven proton translocation has been established as an alternative 
approach in determining the efficiency of energy conservation in bacteria. 
This approach was adopted with intact cells of E.coli and a site l assay 
to measure +H/2e ratios was subsequently developed. The investigation 
of uncoupled mutants and mutants deficient in components of the electron 
transport chain provided information on the functioning of site I. 
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FIGURE I. 7 Scheme summarising the functioning of the aerobic 
respiratory chain of E.coli. From Cox & Gibson (1974). 
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Consequently, the thesis is organised in the following way: 
Chapter II - Materials and Methods, contains the experimental details. 
Chapter Ill describes an initial investigation of phosphorylating 
efficiencies of various membrane subfractions while Chapter IV details 
the development of the site I phosphorylation assay in membrane 
preparations. Chapters V, VI and VII deal with experiments using 
whole cell preparations: + -Chapter V describes the assay measuring -+H /2e 
ratios and Chapters VI and VII investigate mutants affected in iron-
utilisation and oxidative phosphorylation respectively. Chapter VIII -
General Discussion, summarises the experimental results and integrates 
results obtained from this study on site I with other work on energy 
conservation in E.coli. 
Chapter II 
MATERIALS AND METHODS 
A. CHEMICALS 
Chemicals generally were of the highest purity available 
commercially and were not further purified. Menadione was supplied 
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by Nutritional Biochemicals, Cleveland, Ohio, USA. NADH, carbonylcyanide 
m-chlorophenylhydrazone, 2-heptyl-4-hydroxyquinoline-N-oxide, and lactate 
dehydrogenase and hexokinase were from Sigma Chemical Co., St. Louis, Mo. 
USA. D-lactate (lithium salt) and cytochrome c, glutathione reductase 
and alcohol dehydrogenase were obtained from Calbiochem (Aust.) Pty. Ltd., 
Carlingford, NSW. Piericidin A was kindly donated by Professor S. 
Tamura, Department of Agricultural Chemistry, University of Tokyo, Tokyo, 
Japan. L-[u- 14c]-proline (290 mCi/mmol) was purchased from the 
Radiochemical Centre, Amersham, Bucks, UK. 32Pi (carrier-free) was 
obtained from the Australian Atomic Energy Commission, Lucas Heights, 
NSW, Australia. 
B. MEDIA 
(a) Luria Broth 
This complete medium was described by Luria & Burrous (1957) 
and consisted of: 
Bacto-tryptone (Difeo) 
Yeast extract (Difeo) 
NaCl 
Distilled water 
10g 
Sg 
10g 
1 litre 
The pl! of the broth was adjusted to 7.0 with ION NaOH before 
autoclaving. 
(b) Z Broth 
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This broth consisted of Luria broth supplemented with 2.5mM-
CaC12 and was used for the growth of bacteriophage Plkc and for 
transduction experiments. Z plates contained the broth solidified with 
2% Bacto-agar. 
(c) Glycerol-Luria Broth 
This broth was used for the storage of strains and was 
prepared by adding 100ml of Luria broth to 31g of sterilised glycerol. 
(d) Nutrient Agar (Meat Infusion Agar) 
Peptone 
Beef extract 
Yeast extract 
NaCl 
Distilled water 
10g 
10g 
3g 
5g 
1 litre 
The mixture was dissolved with heating, the pH adjusted to 
7.5 and 20g agar (Difeo Bacto-agar) included before autoclaving. 
Glucose (final concentration 30mM) was included when the meat infusion 
agar plates were used to culture mutant strains. This medium was 
termed MG. 
(e) Minimal Media 
The minimal salts medium used for the growth of strains was 
similar to that described by Monod et al . (1951) as medium 56. 
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Medium 56 K2HP04 265g 
NaH2P04 .2H20 153g 
MgS04 . 7H20 5g 
(NH4) 2so 4 50g 
The salts were dissolved in 5 litres of distilled water, 5ml 
of chloroform added and the solution stored at room temperature. This 
stock solution was diluted 1 in S before use and 1ml of 1% Ca(N03) 2 and 
1ml of 0.05% FeS04 .7H20 dissolved in O.OlN-HCl were added to 1 litre of 
the diluted medium prior to autoclaving. 
Metal-supplemented 
medium 56 K2HP04 636g 
NaH2Po4 .2H20 366g 
The salts were dissolved in 3 litres of distilled water. This 
solution was diluted 1 in SO before use to which was added lml/1 of a 
concentrated trace element solution which contained per litre: 
FeC1 3.6H20 0.48g 
MnC1 2 .2H20 0.28g 
CaC1 2 .2H20 0.36g 
ZnC1 2 2g 
H3Bo 3 0.29g 
CoS04 . 7H20 0.19g 
After sterilisation 1ml of a sterile lM-MgS04 solution was added per litre 
of medium. 
A sterile solution of the carbon source, either glucose, 
mannitol (final concentration 30~J) or glycerol (final concentration 
60mM) was added to the sterilised mineral salts base. Additional growth 
supplements were sterilised separately and added where necessary to give 
the following final concentrations: thiamine, 3µM; leucine, 0.8rnM; 
isoleucine, 0.4rnM; valine, 0.4mM; arginine HCl, lrnM; 
2,3-dihydroxybenzoate, 30µM; uracil, 0.2mM; 5-aminolaevulinic acid, 
0.lmM; Casamino acids, 0.25%; sodium citrate, lOmM. 
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For the preparation of minimal medium plates, sterile medium 
56 was solidified by the inclusion of 2% (w/v) agar (Difeo) and sterile 
solutions of the necessary growth supplements added; a final 
concentration of 0.8% agar in medium 56 was used for soft agars. 
C. ORGANISMS 
All the bacterial strains used were derived from E.coli K-12 
and are described in Table II.l. 
The bacteriophage Plka was used in transduction experiments. 
D. MAINTENANCE OF STOCK CULTURES OF BACTERIA 
All strains were stored as frozen (-15°C) suspensions in 
glycerol-Luria broth medium. These suspensions were prepared by 
resuspending in 3ml of this medium, cells from an MG plate that had 
been inoculated to yield confluent growth of the required strain. 
E. GROWTH MEASUREMENTS IN LIQUID MEDIA 
Strains were grown in 125ml conical side-arm flasks containing 
approximately 10ml of medium. Turbidity was measured in a Klett-
Summerson colorimeter with a blue filter, agains t a blank of the same 
medium. Cell density of the culture was expressed in arbitrary Klett 
TABLE II.l 
Strain 
AB1931 
AN249 
AN259 
AN283 
AN285 
AN344 
A.t\J 346 
AN348 
AN359 
AN492 
AN582 
· AN619 
Strains of Escherichia coli used 
Relevant Genetic Loci* 
+ 
argH3> metE46> pur-1> xyl-4> mtl 
uncA401> argHl> entA403 
argHl> entA403 
uncB402> argHl> entA403 
unc-405> argHl> entA403 
pro> leu> hemA 
argHl> entA103> ilvC?> pyrE41 
F131 leu> pro> purE> trp 
entA103> hemA> ilvC?> pyrE41 
entA403> hemA> pyrE41 
ilv> argHl> entA403> trp> leu 
ilv> argH1> entA403> leu> hemA 
Source or Derivation 
J. Pittard 
Cox et al. ( 19 7 3h) 
Butlin et al. (1973) 
Butlin et al. (1973) 
Cox et al. (1974) 
Isolated by I. Young 
G. Cox 
G. Cox 
G. Cox 
Derived by transduction from AN359 
Recombinant obtained after conjugation between 
AN346 and AN348 
Isolated after transduction with AN344 as donor 
and AN582 as recipient 
Continued ... 
*Genetic nomenclature used is that described by Bachmann et al. (1976) 
v-J 
N 
TABLE II.l 
Strain 
AN704 
AN716 
AN721 
AN723 
(Continued) 
Relevant Genetic Loci* 
ilv~ argHl~ entA403~ leu~ hemA~ mtl+ 
+ 
uncB402~ leu~ argHl~ entA403~ hemA~ mtl 
+ 
uncA401~ leu~ argHl.~ entA403~ hemA~ mtl 
+ 
unc-405~ leu~ argHl~ entA403~ hemA~ mtl 
Source or Derivation 
Isolated after transduction with AB1931 as donor 
and AN619 as recipient 
Isolated after transduction with AN283 as donor 
and AN704 as recipient 
Isolated after transduction with AN249 as donor 
and AN704 as recipient 
Isolated after transduction with AN285 as donor 
and AN704 as recipient 
*Genetic nomenclature used is that described by Bachmann et al. (1976.) <.,,:J <.,,:J 
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units. 
F. GENETIC TECHNIQUES 
(a) Conjugation Technique for Mating Experiments 
The technique used for mating experiments was described by 
Cox et al . (1968). Growth of log phase cultures of the male and female 
strains in Luria broth were diluted in the same broth to give a Klett 
reading of 40. One ml of the male culture was then mixed with 9ml of 
the female culture in a 125ml conical flask (zero time). After an 
initial Smin period of slow shaking to facilitate pair formation, the 
mating mixture was -incubated for l.Sh at 37°C without agitation. Samples 
were diluted 1 in 10 in 4.5ml of mineral salts medium, vortexed 
vigorously for 45s and 0.1ml samples added to 3ml of soft agar held at 
45°C, then poured as an overlay on plates of the required selective media. 
(b) Preparation of Phage Lysates for Transduction Experiments 
Lysates of the generalised transducing phage Plkc were prepared 
by mixing approximately 109 phage particles with 2ml of a suspension of 
the donor strain, which had been grown overnight in 10ml of Z broth, 
centrifuged and resuspended in 2ml of fresh Z b~oth. Samples (0.2ml) 
of this mixture were transferred to 3ml of molten soft agar held at 45°C 
and the soft agar poured as an overlay on Z plates. The plates were 
incubated at 37°C overnight, then 3ml of Z broth and 0.1ml of an overnight 
culture of the donor strain were added to the plates which were incubated 
at 37°C for a further 24h . The broth and soft agar were removed from 
the Z plates and centrifuged (20min, 27,000g) to remove bacterial debris 
and agar. The supernatant containing the phage particles was sterilised 
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by filtration (Millipore membrane 0.45µm). Preparations were stored in 
sterile screw-cap Pyrex tubes at 4°C. When a phage lysate of a strain 
carrying a hemA mutation was prepared, 5-aminolaevulinic acid (final 
concentration O.lmM) was included in the Z broth and Z plates. 
(c) Transduction Procedure 
The technique used for transduction experiments was described 
by Pittard (1965). An overnight culture of recipient bacteria (10ml) 
grown in Z broth to a cell density of approximately 109/ml was 
concentrated ten-fold by centrifugation and resuspended in the same 
broth . 5-ALA at a final concentration of O.lmM was included in the Z 
broth for growth of a haem-deficient strain. A 0.1ml sample of the 
resuspended cells was added to 2ml of fresh Z broth in a sterilised 
centrifuge tube. 0.5ml of phage lysate of the donor strain was then 
added to give a final phage to cell ratio of between 1.1 and 1.3 
(approximately 109 plaque forming units). The resulting cell-phage 
mixture was maintained at 37°C for 20min to allow phage adsorption. The 
mixture was then centrifuged, washed once in 10ml of sterile medium 56 
and the .pellet resuspended in 1ml of the same medium. Samples (0.1ml) 
of the undiluted cell suspension and of a 1 in 10 dilution were spread 
on plates of the appropriate selection medium and incubated at 37°C. 
Transductants appeared after about two days. 
G. GROWTH OF CELLS 
(a) Growth of Cells for the Preparation of Membranes 
For the large scale preparation of cell membranes, the inoculum 
consisted of the confluent growth of cells from one MG plate resuspended 
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in medium 56 and was added to 1 litre of medium 56 in a 2-litre baffled 
flask and shaken in a New Brunswick Gyrotory shaker at 37°C at 300 
rev/min. Alternatively, the growth from 10 MG plates incubated at 37°C 
overnight was resuspended in medium 56. The inoculum was then added to 
10 litres of medium 56 in 14-litre New Brunswick fermenters which were 
kept at 37°C, aerated at 12 litre/min and stirred at 500 rev/min. Cells 
were harvested in mid-exponential phase at a Klett reading of about 250 
(a cell density of about 0.4-0.6mg dry wt of cells/ml). 
For the preparation of membranes from a strain carrying a hemA 
mutation, the 1 litre inoculum of cells was grown overnight with a growth-
limiting concentration of 0.4µM 5-ALA, then added to 10 litres of medium 
56 from which 5-ALA had been omitted. 
(b) Growth of Haem-Deficient Cells 
For growth of the haem-deficient strain AN704, 0.1ml of thawed 
stock culture was inoculated into 100ml of mineral salts medium in a 
250ml conical flask to which had been added mannitol, growth supplements 
and a growth limiting concentration of 5-ALA (0.4µM). The flasks were 
shaken at 37°C for 12h and the culture used to inoculate 900ml of medium 
56 in a 2-litre baffled flask. 5-ALA was omitted from this growth 
medium . The flasks were shaken at 37°C for 6-8h until growth ceased 
which was at a Klett reading of about 80-90. 
(c) Reconstitution of Cytochromes in Haem-Deficient Cells 
Haem-deficient cells were harvested, washed once in medium 56 
and resuspended in l litre of medium containing mannitol and 5-ALA 
(final concentration O.lmM) in a 2-litre flask. The cell suspension 
was incubated at 37°C for 2h. These cells were referred to as haem-
reconstituted. 
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(d) Growth of Haem-Sufficient Cells 
Cells from strain AN704 grown in the presence of 5-ALA (final 
concentration O.lmM) to a Klett reading of 80-90 were referred to as 
haem-sufficient. 
(e) Starvation Procedure 
The cells were harvested, washed once in medium 56 and 
resuspended in 1 litre of supplemented medium which lacked mannitol. 
5-ALA was omitted from the mediwn during the starvation of haem-deficient 
cells. After incubation with shaking at 37°C for 2h to starve the cells 
of endogeneous substrates, the cells were harvested, washed twice with 
100mM-KCl-2mM-glycylglycine buffer, pH7.0, [West & Mitchell, 1973] and 
resuspended in the same buffer. Unl~ss stated otherwise,cells were 
1cm 
resuspended to a density of 7.0-8.0mg dry wt/ml calculated from E660 of 1.0 
equals 0.43mg dry wt/ml [Rosenberg et al. 1975]. Optical density at 
660nm was measured in a Gilford 600 spectrophotom~ter. 
H. PREPARATION AND FRACTIONATION OF MEMBRANES 
(a) Preparation of the Membrane Fraction 
Harvested cells were washed in a buffer system, pH7.0, 
containing O.lM-Tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid 
(TES), 0.02M-magnesiwn acetate, 0.25M-sucrose and 0.25mM-ethanedioxybis-
(ethylamine)tetra-acetate (EGTA). The cells were then resuspended in 
2ml of fresh buffer for every lg (wet weight) of cells and disrupted by 
passage through a Sorvall Ribi Cell fractionator at 20,000psi. The cell 
extract was centrifuged at 27,000g for 45min. The supernatant fraction 
I 
I 
'' 
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was separated, centrifuged at 260,000g for 2h, the supernatant (soluble 
fraction) removed and the pellet retained. The pellet consisted of two 
layers, a pale yellow translucent heavy layer and a red-brown light 
layer. The red-brown layer was separated and resuspended in 1ml of the 
TES buffer system for each original lg wet weight of cells. This was 
termed the membrane preparation and was used for subsequent gel 
chromatography and glycerol gradient centrifugation procedures. 
(b) Preparation of the Membrane Residue 
The membrane preparation resuspended in the TES buffer system 
was centrifuged at 260,000g for lh. The supernatant was discarded and 
the pellet resuspended in an equal volume of SOmM-Tris-HCl buffer, pH7.4. 
The suspended membranes were centrifuged at 260,000g for lh and the 
supernatant discarded. The pellet was then resuspended in the same 
volume of SmM-Tris-HCl buffer, pH7.4, containing 0.25mM-EDTA and O.SmM-
dithiothreitol and the suspension centrifuged at 260,000g for 2h. The 
supernatant was retained and the ~ellet was again resuspended and 
centrifuged. The two supernatants were pooled and the protein concentrated 
by using a Diaflo XM-50 ultrafilter (Scientific and Research Equipment 
Co., Pennant Hills, NSW, Australia) until the final volume was equal to 
about 6-lOml. This fraction was designated the concentrated SmM-Tris · 
wash. The pellet remaining after the washes, was resuspended in the low 
1on1c strength buffer system (SmM-Tris-HCl, pH7.4) to a volume equal to 
about two-thirds of the original volume of the membrane preparation . 
This suspension was designated the membrane residue. 
Solubilised Mg-ATPase preparations were either stored at room 
temperature or at 4 °C in the presence of 20% (v/v) glyc·erol. Membrane 
residues were stored at 4°C in the presence of 20% (v/v) glycerol . 
All operations on whole cells and on membranes were carried 
out at 4°C. 
I. COLUMN CHROMATOGRAPHY 
(a) The Concentrated SmM-Tris Wash 
The SmM-Tris wash contained a crude soluble Mg-ATPase 
preparation which was further purified by gel filtration as described 
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by Cox et al. (1973a). Column chromatography was carried out by using 
agarose (Biogel A-Sm, 200-400 mesh; Bio-Rad, Richmond, California, USA) 
in a 2.5cm x 90cm column that was eluted with SmM-Tris-HCl buffer, pH7.4, 
containing O.SmM-dithiothreitol and 0.25mM-EDTA. The elution rate was 
25ml/h and 3.5ml fractions were collected. Active fractions were pooled 
and then concentrated by using a Diaflo XM-50 ultrafilter. 
(b) The Membrane Residue 
The membrane residue preparation was further purified by gel 
filtration. Column chromatography was carried out using agarose 
(Biogel A-150m, 100-200 mesh) in two columns of dimensions 3cm x 40cm 
connected in series and eluted in the ascending phase with SmM-Tris-HCl 
buffer, pH7.4, at 4°C. The elution rate was approximately 6ml/h, 3ml 
column fractions were collected and the active fractions pooled and 
concentrated by ultrafiltration. 
(c) The Membrane Preparation 
Column chromatography was carried out by using agarose 
(Biogel A-150m, 50-100 mesh) in either one column or two columns connected 
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in series, of dimensions 3cm x 40cm. Membrane preparations were also 
fractionated by column chromatography using Sepharose 2B in two columns 
connected in series, the first column having dimensions 1cm x 6cm and 
the second with dimensions 2cm x 30cm and were eluted with the TES 
buffer system at 4°C. The elution rate was approximately lOml/h and 
2.5ml column fractions were collected. 
J. GLYCEROL GRADIENT CENTRIFUGATION 
Glycerol solutions of various concentrations were prepared in 
the TES buffer system. Broad range gradients were made using 6ml steps 
of the appropriate glycerol concentrations. The 40ml discontinuous 
glycerol gradients used for the fractionation of the membrane preparation, 
contained three steps consisting of 15ml of 10% glycerol, 15ml of 55% 
glycerol and 10ml of 80% glycerol. Samples (about 3ml) of the membrane 
preparation were layered onto the glycerol gradients. The gradients were 
centrifuged for 15min in a Sorvall HB-4 swing out rotor at 27,000g. The 
gradients were fractionated by ·pipette from the top of the gradient and 
2.5ml fractions were collected. Active fractions across the gradient 
profile were pooled and concentrated by ultrafiltration,or for pooled 
fractions of a small volume, the fractions were centrifuged at 160,000g 
for lh to pellet the membranes. The pellets were resuspended in the TES 
buffer system to a volume of about 2ml. Pooled fractions that were to 
be examined by electron microscopy were washed in- the TES buffer system 
by centrifuging in an SW 56 rotor. The fractions were added to a cushion 
of 100% glycerol at the base of the tube and centrifuged at 240,000g for 
lh. The membranes banded at the buffer-100% glycerol interface. The 
supernatant was removed by pipette and the membranes collected and 
resuspended in fresh TES buffer. 
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K. ELECTRON MICROSCOPY 
The electron microscopy was performed by Dr D. Clark-Walker, 
Research School of Biological Sciences, Australian National University. 
Membrane preparations were negatively stained with 1% potassium 
phosphotungstate, pH7.0, or 2% ammonium molybdate, pH7.0, and examined 
in a JEOL 100 B electron microscope. 
L. ASSAY TECHNIQUES 
(a) Measurement of Oxygen Uptake 
Oxygen uptakes were measured polagraphically with a Triton 
oxygen electrode (Triton Instruments> Melbourne, Victoria) modified as 
described by Snoswell (1966). Buffer solutions were calibrated for 
oxygen by the method of Chappell (1964). Oxygen uptakes on membrane 
preparations were measured at 30°C. The reaction mixture contained 
(final concentrations) 1-Smg protein and l-2mM substrates, in a final 
volume of 2.5ml in the TES buffer system. 
Oxygen uptakes on whole cell preparations were measured at 
37°C. The reaction mixture contained (final concentrations) 100mM-KCl-
2mM-glycylglycine buffer, pH7.0, l.4-l.6mg dry wt of cells and 10-20mM 
substrates in a final volume of 2.5ml. 
(b) Assay of Mg-ATPase Activity 
The assay used was as described by Cox et al . (1973a) . The 
reaction mixture contained O.lM-Tris-HCl buffer, pH9.0, 20mM-ATP, 
10mM-MgC1 2, 0.75mM-EDTA and lmM-dithiothreitol in a final volume of 1ml. 
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The reaction was started by the addition of 5-50µ1 of enzyme preparation. 
After incubation for lOmin at 30°C in a water bath, the tubes were 
placed in ice and 0.5ml samples of the reaction mixture added to 9.5ml 
of King ' s reagent [King, 1932]. After 15min, the E660 was measured. 
The assay was checked to ensure that the activity was proportional to 
the amount of protein added. Controls without substrate or without 
enzyme preparation were also included. 
(c) Measurement of the ATP-Dependent Pyridine Nucleotide 
Transhydrogenase Activity 
The assay was as described by Cox et al. (1971). The ATP-
dependent transhydrogenase was measured by estimating the rate of 
reduction of NADP+ by NADH and was assayed by coupling the reaction to 
the NADPH-dependent glutathione reductase and measuring the decrease 
in E340 [Ernster & Lee, 1967]. The reaction mixture in a 1cm light path 
cuvette contained, 1n a final volume of 2.9ml, the following components 
(final concentrations): 2-3mg membrane protein, 18mM-sodium cyanide, 
14mM-MgC1 2, 0. 7mM-oxidised glutathione, 0 . 7mM-NADH, 80mM-Tris-HCl buffer, 
pH7.5, and an amount of glutathione reductase capable of oxidising 
lµmole of NADPH/min. The cuvette was then adjusted to 30°C in the 
temperature-controlled cuvette housing of a Cary 14 spectrophotometer. 
+ NADP (0.3mM) and then ATP (3.4mM) were added and the increase in the 
rate of loss of absorption at 340nm, after the addition of ATP was taken 
as a measure of the energy-linked transhydrogenas-e activity. The 
reference cuvette contained sufficient membranes in the Tris-HCl buffer 
to compensate for turbidity. The assay system was routinely checked to 
ensure that the transhydrogenase activity was proportional to the amount 
of membrane protein added . Cyanide (200µ1 of 250mM) and membranes 
(100µ1) were preincubated at room temperature for 5min before addition 
of the other components. 
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Reconstitution of ATP-dependent transhydrogenase activity was 
assayed by adding Mg-ATPase (0.1-1.0mg protein) after the addition of 
ATP using the procedure described above. 
The amount of reduced nucleotide was estimated from the molar 
extinction coefficient of 6.22xl03 for NADH. 
(d) Measurement of Cytochrome c Reduction 
The rate of cytochrome c reduction was measured in membranes 
on the addition of an electron acceptor with NADH and D-lactate as 
substrates. The reaction mixture in a 1cm light path cuvette contained, 
in a final volume of 2.Sml,final concentrations of O.lM-TES buffer, 
~M 
pH7.0, 0.25M-sucrose, 0.02M-magnesium acetate, 0.25 ,-EGTA, ethanol (30µ1), 
60 EC units of alcohol dehydrogenase,_ 5mg oxidised cytochrome c, 0.05-0.lmg 
membrane protein. 
spectrophotometer. 
The cuvette was then adjusted to 30°C in a Cary 14 
> 
Substrate, either NAD+(0.8rnM) or D-lactate (4rnM) was 
added. Alternatively NADH (0.8mM) was used. Sodiwn cyanide (lrnM) was 
included in the reaction mixture when a cytochrome-sufficient membrane 
preparation was used. The reaction was initiated by the addition of the 
electron acceptor menadione (0.16rnM in an ethanolic solution) and the 
increase in the rate of absorption at 550nm after the addition of the 
electron acceptor was measured. The reference cuvette contained 5mg 
cytochrome c to compensate for the absorption at 550nm of oxidised 
cytochrome c . The assay was routinely checked to ensure that the rate 
of cytochrome c reduction was proportional to the amount of membrane 
protein added. 
111e amount of cytochrome c reduced was estimated from the molar 
extinction coefficient of 19.6xl03 for cytochrome c (reduced-oxidised 
at 550nm). 
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(e) Assay of Oxidative Phosphorylation 
(i) Assay of P/0 ratios 
The oxygen uptakes by the membrane preparations were measured 
by using an oxygen electrode as described in Section L(a). The reaction 
mixture contained, in a final volume of 2.Sml, O.lM-TES buffer, pH7.0, 
0.2SM-sucrose, 0.02M-magnesium acetate, 0.2SmM-EGTA, O.lSmM-ADP, 0. 7SmM-
AMP, 3mM-glucose, SO EC units of hexokinase and 32Pi to give a specific 
radioactivity of approximately lOOcpm/nmole of phosphate. Membranes 
(about 1mg of protein) were preincubated with the above mixture at 30°C 
for 2 min and the reaction was initiated by the addition of substrate 
at a final concentration of 4mM for 0-lactate and 0.8mM for NADH. The 
reaction was stopped by transferring 2ml of the reaction mixture into 
1ml of ice cold 20% (v/v) trichloroacetic acid. Denaturated protein was 
removed by centrifugation and Pi was extracted after addition of molybdate 
by the method· of Avron (1960). A sample of aqueous residue (2.Sml) was 
transferred to a scintillation vial and the volume made up to 10ml with 
water. The Cerenkov radiation was measured in a Packard liquid-
scintillation counter. Incubation mixtures without added substrates 
were included as controls and vials containing known concentrations of 
32Pi were used as standards. The amount of glucose-6- 32P formed in the 
presence of substrate was corrected for that formed in the control. 
(ii) Assay of P/2e ratios 
Oxidative phosphorylation at site I was measured in membrane 
preparations by coupling the reaction to cytochrome c reduction [see 
Section L(d)]. The reaction mixture in a final volume of 2.Sml, contained 
in addition,0.lSmM-ADP, 0. 7SmM-ADP, 3mM-glucose, SO EC units of 
hexokinase and 32Pi to give a specific radioactivity of lOOcpm/nmole of 
phosphate. Membranes (about 0.1mg protein) were preincubated with the 
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above mixture at 30°C for 2min and the reaction initiated by the addition 
of menadione. Incubation mixtures without added electron acceptor were 
included as controls. Cytochrome-sufficient membranes were assayed in 
the presence of lmM NaCN. The extraction procedure and calculation of 
the amount of 32Pi esterified were as described in Section L(e) (i). 
(f) Estimation of Protein 
The method used was described by Lowry et al. (1951) using 
Folin 's phenol reagent. Samples for the assay (in duplicate and 
suitably diluted) were made up to 1ml in distilled water. The amount 
of protein was estimated from a standard curve prepared using a range 
of concentrations of bovine serum albumin (Fraction V; Sigma, USA). 
M. MEASUREMENT OF PROTON TRANSLOCATION IN WHOLE CELL PREPARATIONS 
pH measurements were made in a water-jacketed glass cylindrical 
chamber of 5ml capacity, connected to a water bath maintained at 37°C 
and mounted on a block of Perspex. A water-driven stirrer in the block 
rotated a small Perspex-covered magnetic bar in the chamber. The top 
of the cylindrical chamber was sealed with a Perspex cap in which was 
fixed a combined glass electrode (Radiometer: type GK 2301C). The cap 
was drilled to allow the insertion of a microsyringe needle. The glass 
electrode was connected to a Radiometer pH M64 pH-meter. pH changes 
were recorded on a Mace recorder, type FBQlOO (NIC Instrument Company, 
Melbourne, Victoria, Australia). The diffusion of oxygen from the air 
through the injection hole in the cap sealing the chamber was minimised 
by a continuous flow of N2 direct ed through the top of the chamber. 
Nitrogen was bubbled through two 100ml volumes of 5% (w/v) 
pyrogallol in 14M-KOH then through water in a tube connected to a 
splash head immersed in a 37°C water bath before being bubbled into 
the chamber. 
46 
For each experiment a 2.5ml suspension of cells and KSCN (SOmM) 
were added to the chamber. The cells were continuously stirred and 
incubated with N2 bubbling through the suspension for 5-lOmin, during 
which time the pH had steadied between 6.8 and 7.0. Addition of N2-
saturated substrates , mannitol (20mM) or D-lactate (lOmM) were made and 
the cells incubated a further Smin. The N2 inlet tube was raised such 
~hat the N2 flowed over but not through the cell suspension. 
Equilibration of the cells to a steady pH and calibration of the pH scale 
were made by additions of N2-saturated 20mM-HCl [Mitchell & Moyle, 1967a]. 
Additions of the following oxidant pu1ses were made: N2-saturated 
menadione (400 nmoles); air-saturated 100mM-KCl-2mM-glycylglycine buffer, 
pH7.0, (42 ng-atoms 0). The oxygen content at 37°C was calculated to be 
420 ng-atoms 0/ml [Chappell, 1964]. Peak values for calculation of the 
H+ concentration were measured directly from the recorder tracing. 
Correction for decay of this peak during its formation was made. 
N. FLlJOROMETRIC MEASUREMENT OF MENADIONE REDUCTION 
The reaction mixture consisted of 100mM-KCl-2mM-glycylglycine 
buffer, plI7.0, and cell suspension (2-4mg dry wt of cells) in a final 
volume of 2.0ml in 1cm quartz fluorometer cell held at 37°C in the 
temperature-controlled housing of an Aminco-Bowman Spectrofluorometer. 
The fluorometer cell was sealed with a rubber plug and the reaction 
mixture was bubbled with N2 for Smin. N2-saturated additions of substrate 
were made and the reaction mixture incubated a further Smin, then the N2 
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inlet tube raised above the level of the cell suspens ion. The 
fluorescence (activation 342nm, emission 450nm) was measured using a 
Moseley autograph XY Recorder set at 20s/in. When the fluorescence was 
steady, menadione · (200-400 nmoles) was added from a microsyringe without 
stopping the recorder. 
0. MEASUREMENT OF PROLINE UPTAKE BY WHOLE CELLS 
Proline uptake was measured 111 medium 56. The cells were 
starved as described in Section G(a) and resuspended to a density of 
0. 15-0.2mg dry wt/ml and kept on ice until used. 
Uptake experiments were done in collaboration with Dr H. 
Rosenberg , of this Department. 
(a) Measurement of Uptake Under Anaerobic Conditions 
During uptake experiments under anaerobic conditions, cell 
suspensions were constantly bubbled with N2 . Nitrogen of high purity 
was further treated to remove traces of oxygen by passage through a 
double "NI LOX" scrubber [Gilroy & Mayne, 1962] supplied by Jemcons, 
Hemel Hempstead, UK . 
Substrates, mannitol (20mM) or D-lactate (lOmM) were added to 
cell suspensions (3 . 5ml) which were then incubated at 37°C for 7min. 
Controls without added substrate were included. The uptake experiment 
was initiated by the addition of [14c]-proline (25µ1 of lOmM final 
concentration lOµM). After the addition of the radioactive label, 
samples were withdrawn at 2min and 4min with a 0.5ml Eppendorf syringe. 
After a further 10s, menadione (25µ1 of 40mM, 0.4mM final concentration) 
was added and samples were withdrawn over a period of 3min. 
r 
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(b) Measurement of Uptake Under Aerobic Conditions 
Substrates, mannitol (20mM) or D-lactate (lOmM) were added to 
the starved cell suspension (3.5ml) which was then incubated at 37°C 
for 7min with shaking. Cell suspensions without added substrates were 
included as controls. The uptake experiment was initiated by the 
addition of radioactive label and four samples (0.5ml) were withdrawn 
over a period of 6min. 
The samples from each uptake experiment were filtered through 
Gelman Metricel GA6 membrane filters of pore size 0.45µM, which were 
inunediately washed twice with 2ml of wash solution. The wash solution 
contained lOmM-triethanolamine-HCl, pH7.0, lOOmM-KCl, 10mM-(NH4) 2so4 and 
lmM_-MgS0 4 . The membrane filters were dried on a steam-heated hot-plate 
and then placed in scintillation vials to which were added 10ml of 
scintillation mixture [Bray, 1960] which contained 0.6% (w/v) 
butyl-1,3,4-phenyl-biphenyloxadiazole (Butyl-PED) [Scales, 1967] in 
toluene. The radioactivity was counted in a Packard 3320 liquid-
scintillation spectrometer. Standard counts were carried out with each 
new stock of radioactive solution and background counts were made on 
membranes through which standard dilutions (without bacterial cells) 
had been passed and which had been similarly washed. All counts were 
accordingly corrected. Results were expressed as nmole of amino acid 
taken up/mg dry wt of bacteria. 
Chapter III 
FRACTIONATION OF MEMBRANE PREPARATIONS TO ISOLATE 
VESICLES WITH HIGH PHOSPHORYLATING ACTIVITY 
A. INTRODUCTION 
'lne number of energy coupling sites associated with the 
mitochondrial electron transport chain can be determined from P/0 
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ratios. A P/0 ratio is defined as the number of moles of ATP synthesised 
per atom of oxygen reduced. When NADH is used as substrate, P/0 ratios 
of 3 are obtained,while phosphorylation coupled to succinate oxidation 
yields P/0 ratios of 2 [Lehninger, 1964]. Three coupling sites are 
therefore present in the mitochondri~l respiratory chain [Lardy & 
Ferguson, 1969]. 
TI1e efficiency of energy coupling in bacteria has not been 
well established in whole cells since the impermeability of the membrane 
to adenine nucleotides prevents the direct measurement of P/0 ratios 
[Chance & Williams, 1956]. Molar growth yield experiments [Harrison & 
Loveless, 1971; Meyer & Jones, 1973] as well as measurements of NAD(P)H 
oxidation and ATP synthesis [Hempfling, 1970] have indicated the presence 
of two to three coupling sites. However,the use of both techniques in 
whole cells and interpretation of the results have been criticised 
[Stouthamer & Bettenhausen, 1973; van der Beek t Stouthamer, 1973]. 
Cell-free extracts from bacteria generally show much lower 
P/0 ratios than those observed in highly coupled mitochondria [Gel'man 
et al. , 196 7; see Chapter I]. 'ln.e membrane preparations, on which P /0 
ratio assays are made,have generally been obtained after disruption of 
intact cells by sonication or by French press. In studies on energy 
... 
conservation in E.coli made in this laborator» French press-prepared 
membranes have yielded P/0 ratios of the order of 0.1 [Butlin et al .~ 
1971]. The low values therefore do not indicate the number nor the 
location of the coupling sites. 
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Studies of French press-prepared membranes by freeze-cleave 
electron microscopy [Altendorf & Staehelin, 1974] have shown that 60%-
0 
80% of the uniformly small (400-llOOA) membrane vesicles obtained were 
inverted. In another French press preparation [Futai, 1974], at least 
90% of the vesicles were inverted. The Mg-ATPase complex is localised 
on the inner surface of the cytoplasmic membrane. Inhibition of Mg-
ATPase by antibody to purified Mg-ATPase has been used as a procedure 
to determine the orientation of membrane vesicles [Futai, 1974; Hare 
et al.~ 1974]. 
Membrane preparations which have been used for studies on 
respiratory systems generally consist of an heterogeneous population 
of membrane vesicles of varying sizes [Schnaitman, 1970; Hendler & 
Nanninga, 1970] which are possibly associated with differing respiratory 
activities. The present work initially describes attempts to 
fractionate membrane preparations from the normal strain AN259 to obtain 
a subfraction of vesicles possessing high phosphorylating activity. 
These membranes would subsequently be used to assay site I 
phosphorylation. The use of gel filtration to separate membrane 
particles on the basis of size is described in the next section of 
this chapter. 
B. GEL FILTRATION 
(a) Attempted Fractionation of the Membrane Preparation 
from Strain AN259 
(i) Agarose gel chromatography 
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Membrane preparations from the normal strain AN259 were 
applied to colwnns of Biogel A-lSOm which has an approximate 
fractionation range for particles of molecular weight 106 to l.Sx10 8 
[Reiland, 1971]. The membranes were prepared as described in Chapter 
II and resuspended in the O.lM-TES or SOmM-Tris buffer systems and 
applied to columns of agarose but adsorbed strongly to the gel. The 
membranes remained at the top of the column and could not be eluted 
from the gel. 
(ii) Sepharose gel chromatography 
Columns of Sepharose 2B were prepared in a further attempt to 
fractionate membranes from strain AN259 by gel filtration. Sepharose 
is prepared from agarose by removal of the agaropectin. It excludes 
proteins of molecular weight greater than 40x106 [Reiland, 1971]. 
Membranes from strain AN259 were applied to two columns of 
Sepharose 2B as described in Chapter II. The recovery of protein from 
the first column (1cm x 6cm) was 65%. The membranes eluted from this 
column were then applied to the second column (3cm x 30cm) from which 
only 48% of the total protein loaded was recovered. The fractionation 
profile after the second chromatography is presented in Fig.III.l. The 
first protein peak consisted of membranes which had been only partially 
separated from the second peak. Ribosomes and nucleic acid-containing 
material were present in the second· pea~ as indicated by the strong 
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absorbance at 256nm. Peaks of NADI! oxidase and Mg-ATPase activities 
occurred under the first protein peak (fractions 9-12). A second peak 
of both NADH oxidase activity (fractions 13-14) and Mg-ATPase activity 
(fractions 15-16) occurred under the leading edge of the second peak. 
A functional Mg-ATPase is required for the coupling of 
oxidative phosphorylation [Butlin et al.~ 1971]. In screening column 
fractions for smal l membrane particles with high phosphorylating 
activity , Mg-ATPase activity was used as an indication of the presence of 
theMg-ATPasebound to the membrane particles. The peak of Mg-ATPase 
activity occurring at fraction 15 (see Fig.III.I) appears to be 
associated with small membrane particles. The membranes in fractions 
9 to 12 have been excluded from the Sepharose gel during chromatography, 
while the smaller particles have been retarded by the gel and eluted , 
with the ribosomes. Since the membranes under the first protein peak 
represented only 3% of the eluted protein, a very large proportion of 
the membranes from strain AN259 had adsorbed to the gel. The low 
recovery and incomplete separation of membranes from ribosomes did not 
provide a sufficient .amount of membranes to use in subsequent work. 
(b) Fractionation of the Membrane Residue from Strain AN249 
(W1cA) 
Strain AN249 carries a mutation in the W1cA gene which affects 
Mg-ATPase activity [Butlin et al. , 1971]. It is possible to broadly 
classify unc mutations as either affecting the F1 or F0 component of 
the Mg-ATPase complex by in vitro reconstitution experiments. Membrane 
preparations from this strain are uncoupled in oxidative phosphorylation 
and have been shown to possess an inactive F1 component of the Mg-ATPase 
complex, while electron transport activities are normal [Cox et al .~ 
1973b]. The membranes from this strain can be washed in low ionic 
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strength buffer to solubilise the F1 component from the membrane. The 
resulting membrane residue can be reconstituted for energy-linked 
reactions using an active F1 component of a Mg-ATPase preparation from 
another strain [Cox et al., 1973a:,b]. Since a complete membrane 
preparation from strain AN259 could not be successfully separated into 
subfractions of particles of different sizes, the fractionation by gel 
filtration of a washed membrane residue from strain AN249 (uncA) was 
attempted. Part of this work was performed in collaboration with 
S. Andrews. 
The membrane residue was prepared as described in Chapter II 
and chromatographed on an agarose (Biogel A-150m) column. The resulting 
fractionation profile is presented in Fig.III.2. 
The protein profile consisted of two distinct peaks. The 
first peak contained most of the NADH oxidase activity. The second 
protein peak had no oxidase activity but was enriched for nucleic acid-
containing material, as indicated by the strong absorbance at 256nm. 
Electron microscopy of these fractions showed the latter peak to contain 
ribosomes and some membrane fragments. Gel electrophoresis indicated 
that the ribosomal proteins ran in that region. Large membrane particles 
0 
with average diameter 1700-2000A were found under the first protein peak 
(fraction 43), while smaller particles with average diameter of about 
0 
900A were found under the trailing edge of the first peak (fractions 
65-70). A mixture of fraction 43-type and fraction 65-type particles 
is shown in Fig.III.3, and demonstrates the difference in particle size. 
Of the total protein applied to the agarose gel for 
fractionation of the membrane residue, about 90% was recovered from the 
column and the membranes under the first protein peak represented about 
40% of the eluted protein. 
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FIGURE III.3 Electron micrograph of a mixture of pooled 
column fractions 43 and 65 obtained from gel filtration of the 
membrane residue from strain AN249 (uncA). Fractions were 
negatively stained with 1% potassium phosphotungstate (pH7.0). 
A: typical particle from fraction 43 
B: typical particle from fraction 65 
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Energy-linked transhydrogcnase activity in the membrane 
residue was reconstituted with an active Mg-ATPase preparation from 
strain AN283 (uncB) using the procedure developed by Cox et al. (l973a,b). 
Column fractions assayed for ATP-dependent transhydrogenase activity 
produced a peak of activity associated with the small membrane particles 
' 
in fractions 65-70. This result suggested that the Mg-ATPase bound 
specifically to the small membranes. 
Various column fractions were pooled (see Fig.III.2) and 
concentrated by ultrafiltration as described in Chapter II. NADH 
oxidase and energy-linked transhydrogenase activities in Fractions I 
to III and in the membrane residue were compared (Table 111.1). Fraction 
III demonstrated similar ATP-dependent transhydrogenase activity to that 
of the membrane residue, but a four-fold increase over that of Fraction 
I. It was al~o demonstrated that the membranes of Fraction III were 
most effectively reconstituted for oxidative phosphorylation (Table III.2). 
(c) Attempted Fractionation of the Membrane Preparation from 
Strain AN285 (unc-405) 
Strain AN285 (unc-405) is unable to couple oxidative 
phosphorylation to electron transport and membrane preparations lack 
Mg-ATPase activity. It has been shown that membranes from this strain 
have lost the F1 component of the Mg-ATPase complex but have a normal 
F0 component [Cox et al.> 1974]. A membrane preparation from strain 
' AN285 (unc-405) could be analogous to a washed membrane residue from 
strain AN249 (uncA) and was therefore investigated to determine whether 
such membranes could be fractionated by gel chromatography. 
Membranes were applied to a column of agarose gel as described 
in Chapter II, but also adsorbed strongly to the gel and could not be 
eluted from the column. 
TABLE III.l 
Fraction 
I 
II 
III 
AN249 residue 
NADH oxidase and reconstituted ATP-dependent 
transhydrogenase activities in concentrated pooled 
column fractions of the membrane residue from 
strain AN259 
Oxygen uptake* 
1597 
1702 
929 
1445 
ATP-dependent 
transhydrogenase 
activity** 
13 
33 
49 
47 
Experimental details for measurement of oxidase and 
transhydrogenase activities are described in Chapter II 
*Results are expressed as ng-atoms 0/min per mg protein 
**ATP-dependent transhydrogenase a~tivity was reconstituted 1n 
membrane residue and pooled column fractions with a purified 
Mg-ATPase preparation from strain AN283. Results are expressed 
as nmoles NADPH/min per mg protein 
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TABLE III.2 Oxidative phosphorylation in pooled column fractions 
of strain AN249 reconstituted with a purified 
Mg-ATPase preparation from strain AN283 
Fraction 
I 
II 
III 
AN249 residue 
Phosphate 
esterified* 
1.0 
3.3 
8.0 
9.0 
Oxygen 
uptake** 
249 
667 
198 
301 
P/0 
ratio 
0.004 
0.005 
0.04 
0.04 
Each membrane preparation was equilibrated for 3min with 0.25mg of 
protein of the Mg-ATPase preparation before the reaction was initiated 
by addition of the substrate D-lactate. Other experimental details 
are as described in Chapter II 
Results are expressed as 
*nmoles Pi esterified/min per mg protein 
**ng-atoms 0/min per mg protein 
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(d) Discussion 
Membrane preparations from both the normal strain AN259 and 
strain AN285 (unc-405) could not be fractionated into subfractions of 
particles of different sizes using the method of agarose gel filtration. 
Despite the absence from the membrane of the Mg-ATPase complex, membranes 
from strain AN285 also adsorb to the gel. A partial fractionation of 
membranes from strain AN259 was achieved using Sepharose gel. Sepharose 
is prepared from agarose [Hjerten, 1962],a substitutent of agar. 
Agaropectin , a polysaccharide also present in agar [Araki, 1956], contains 
sulphate and carboxyl groups which impart ion exchange properties to 
the agar . The presence of agaropectin in agarose preparations could 
have resulted in membranes binding to the gel. Although a complete 
separation of membranes from ribosomes was not achieved on the Sepharose 
gel column, a subfraction of membrane particles of smaller size than 
those in the membrane peak was obtained . These membranes, associated 
with the second Mg-ATPase activity peak in the fractionation profile 
of membranes from strain AN259 (Fig.III.I) may correspond to the membranes 
of Fraction III from the membrane residue (Fig.III.2). 
Membranes were able to be fractionated by gel filtration only 
after being washed in low ionic strength buffer. This solubilisation 
procedure removes the F1 component of the Mg-ATPase complex as well 
as other proteins and phospholipid from the membrane. The membrane 
preparation from strain AN285 (unc-405) was not ~ven analogous to washed 
membranes . Separation of the membrane residue into subfractions of 
particles of differing sizes and respiratory activities was achieved. 
The smaller membrane particles of Fraction III possessed higher ATP-
dependent transhydrogenase activity, although this level was similar 
to that of the unfractionated membrane residue. The Mg-ATPase appears 
to be associated with the small membrane particles, as indicated by the 
reconstitution of energy-linked reactions. However the P/0 ratios 
obtained were low and no higher than the ratios obtained for the 
membrane residue. 
C. GLYCEROL GRADIENT CENTRIFUGATION 
(a) Introduction 
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Since fractionation of the membrane preparation was not 
achieved by gel filtration, density gradient centrifugation of the 
membranes was examined as an alternative experimental technique. 
Separation of particles by centrifugation depends on differences 1n 
density and sedimentation rate. Separation by density differences are 
achieved by isopycnic banding 1n density gradients. Sucrose and glycerol 
are the compounds most widely used to form concentration gradients. 
Sedimentation of sealed vesicles will depend upon the density 
of the membrane as determined by protein-phospholipid ratios and the 
concentration of permeant and non-permeant solute in the medium and in 
the vesicle. In gradients of sucrose, a non-permeant solute, the density 
gradient also represents an osmotic gradient, and the vesicle shrinks 
with progressive centrifugation. In gradients of permeant solutes such 
as glycerol, the vesicle tends to assume the density of the surrounding 
medium and the particle equilibrates at densitie£ equal to that of the 
membrane wall [Wallach & Lin, 1973]. Gradients not centrifuged to 
achieve equilibrium, can separate particles on the basis of size and 
shape rather than on density. 
Glycerol gradients loaded with a membrane preparation from 
strain AN259 were centrifuged for only a short time in an attempt to 
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fractionate the membranes and to i solate small membrane particles with 
h.igh phosphorylation activity. 
(b) Development of Gradient Centrifugation Conditions for 
Fractionation of Membrane Preparations from Strain AN259 
A discontinuous gradient consisting of equal steps of glycerol 
over a concentration range 40%-90% (see Fig.III.4), to which membranes 
from strain AN259 had been added, was centrifuged at 27,000g for lSmin. 
The banding pattern obtained is shown in Fig.III.4. Centrifugation 
for lSmin was sufficient to achieve a clear separation of membranes 
into a broad upper region of turbidity distributed over the 40 %-55% 
glycerol steps and a lower band at the 70%-80% glycerol step. 
The membrane particles present in membrane preparations from 
strain AN259 do not differ greatly in density, since on longer 
centrifugation of up to 60min, the upper bands move down the gradient 
and a single band at the 70%-80% glycerol interface is formed. 
(c) Examination of Fractions by Electron Microscopy after 
Gradient Centrifugation of the Membrane Preparation 
It is well established that the Mg-ATPase in mitochondria 
forms part of a large molecular weight aggregate occurring as spheres 
attached to the mitochondrial inner membrane. These are found in the 
mitochondria from mammalian [Stasny & Crane, 1964; Fernandez-Moran 
et al.~ 1964] and yeast cells [Watson & Linnane, 1972]. The membranes 
of E.coli have been shown to possess similar structures [Gibson & Cox, 
19 7 3] . 
Preliminary studies made of the gradient banding patterns 
obtained with strain AN259 membranes were described in the previous 
% glycerol 
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FIGURE III . 4 Banding pattern of membranes 
from strain AN259 after centrifugation at 
27000g for 15min on a discontinuous gradient 
with glycerol concentrations ranging from 40%-
90%. Arrows indicate the position on the 
gradient of samples examined by electron 
microscopy . 
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section. Samples from various positions on the gradient (arrowed 1n 
foig.III.4) were examined by electron microscopy to observe the 
differences in particle size and to locate the membrane particles with 
bound Mg-ATPase . The gradient was fractionated as described in Chapter 
II and the protein profile of the membranes is presented 1n Fig.III.5. 
The fractions containing membrane fragments from the top of the gradient 
(fractions 2 to 10) were enriched for nucleic acid-containing material, 
as indicated by their strong absorbance at 256nm . The lower band of 
membranes (fractions 13 to 15) had very little nucleic acid-containing 
material present. Fractions 4, 9 and 14 indicated by the arrows in 
Fig . III . 5 were negatively stained (see Chapter II) and examined by 
electron microscopy. These fractions correspond to the gradient bands 
arrowed in Fig . III . 4 . 
Electron micrographs of particles from the lower band 
(fraction 14) are shown in Fig.III.6. They appear to consist 
predominantly of large membrane particles with an average diameter of 
0 
about 3000A. Some sma l l particles with an average diameter of about 
0 
2000A are also present. Both species of membrane particles were smooth-
edged . Particles from fraction 9 (see Fig.III. 7) were uniformly 
0 
smaller with an average diameter of 2000A. Particles from fraction 4 
(Fig . III . 8) were generally smaller again with a diameter of about 1000-
0 O 
1500A. Some particles with a diameter of about 2000A were also present. 
Only the membrane particles from fraction 4 had what appeared to be the 
Mg-ATPase complex present on the surface of the membrane particles 
(arrowed, Fig.III.8) . Soluble protein and ribosomes were also present 
in this fraction . Fraction 4 from the 50% glycerol step of the gradient 
therefore appears to contain the small vesicles with bound Mg-ATPase. 
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FIGURE III.6 Electron micrograph of gradient fraction 
14 after glycerol gradient centrifugation of the membranes 
from strain AN259. The sample was stained with 1% 
potassium phosphotungstate (pH7.0). 
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FIGURE III. 7 Electron micrograph of gradient frac-tion 9 
after glycerol gradient centrifugation of membranes from 
strain AN259. The sample was negatively stained with 1% 
potassium phosphotungstate (pH7.0). 
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FIGURE III.8 Electron micrograph of gradient fraction 4 
after glycerol gradient centrifugation of the membranes from 
strain AN259. The sample was negatively stained with 1% 
potassium phosphotungstate (pH7.0). Arrow indicates 
Mg-ATPase-like structure on membrane surface. 
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(<l) /\ Compari·son of the Ban<li.ng Pattern after Glycerol Gradient 
Centrifugation of Membranes from Strain J\N285 (unc- 405) 
Membranes from strain AN285 (unc-405) were centrifuged on a 
40%-90% glycerol gradient for lSmin at 27,000g and the banding pattern 
obtained is presented in Fig.III.9. One major band formed at the 60%-
70% glycerol interface. Very little membrane turbidity was present at 
the top of the gradient. The bands which formed in the 50% glycerol 
step 1n the gradient of strain AN259 membranes were absent. Membranes 
from the band indicated by the arrow in Fig.III.9 were negatively 
stained and examined by electron microscopy. The membrane particles 
0 
were of uniform size, with an average diameter of about 2500-3000A 
(Fig.III.10), and were of similar appearance to the membrane particles 
from the lower band (fraction 14) of the gradient of membranes from 
strain AN259 (see Fig.III.6). The membranes from strain AN285 (unc-405) 
which lack the F1 component of the Mg-ATPase complex appear to have an 
altered membrane structure with particles of uniform size which form a 
single band after centrifugation. The small particles occurring in the 
50% glycerol step in the gradient of strain AN259 membranes were absent 
from the membranes from strain AN285. 
D. FURTHER CHARACTERISATION OF MEMBRANE FRACTIONS FROM STRAHi AN259 
Electron microscopy of the membranes from the fractionated 
glycerol gradient showed that the small membrane particles were located 
above the 60% glycerol step in a broad region spread over the 40%-50% 
glycerol steps. The large membrane particles banded at the 70%-80% 
glycerol interface. TI1e gradient was then changed to consist of three 
steps of 10%, 55% and 80% glycerol. 
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FIGURE III.9 Banding pattern of membranes from 
strain J\N285 (unc-405) after centrifugation at 
27000g for lSmin on a discontinuous gradient with 
glycerol concentrations ranging from 40%-90%. The 
arrow indicates the sample examined by electron 
microscopy. 
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FIGURE III.IO ·Electron micrograph of membrane band 
after glycerol gradient centrifugation of the membranes 
from strain AN285 (unc-405). The sample was negatively 
stained with 1% potassium phosphotungstate (pH7.0). 
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The gradient was loaded with membranes from strain AN259 
and centrifuged at 27,000g for lSmin. The banding pattern obtained 
is shown in Fig.III .11. The larger membrane particles were clearly 
separated from the smaller membranes. A distinct band of membranes • 
was concentrated at the 55%-80% glycerol interface. A second,finer 
band of membranes was held back by the 55% glycerol step and was 
concentrated at the 10%-55% glycerol interface. Membrane turbidity 
spread through the 10% glycerol step. The gradient was fractionated 
as described in Chapter II and the fractions collected were assayed 
for protein and nucleic acid content and subsequently for NADH oxidase. 
and ATPase activities (Fig.III.12). 
The large membrane particles in the band at the 55%-80% 
glycerol interface were enriched for NADH oxidase and ATPase activity. 
The smaller membranes in the band at the 10%-55% glycerol interface 
also contained NADH oxidase activity and to a lesser extent, Mg-ATPase 
activity . ATPase and NADH oxidase activities were also detected 
through the 10% glycerol step. 
Various gradient fractions were pooled and concentrated as 
described in Chapter II. The concentrated,pooled gradient fractions 
were designated I to III as shown in ·Fig.III.13. 
(a) Activities of the Gradient Fractions 
(i) NADH and D-Zactate oxidase activities 
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The concentrated gradient fractions were assayed for oxidase 
activities as described in Chapter II. Table III.3 shows that both 
NADH and D-lactate oxidase activities are highest in the membranes from 
the 55%-80% band (Fraction III) with about a 1.5-fold higher activity 
FIGURE III.11 Glycerol gradient 
centrifugation of membranes from 
strain AN259 on a glycerol gradient 
with steps of 10%, 55 %, 80%. 
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were concentrated as described in Chapter II. 
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TABLE III.3 Mg-ATPase and NADH and D-lactate oxidase activities in concentrated pooled gradient 
fractions of the membranes from strain AN259 
Concentrated 
pooled gradient 
Fractions 
I 
II 
III 
AN259 membranes 
Total 
protein 
content 
(mg) 
2 7. 1 
10.4 
14.2 
Mg-ATPase 
activity* 
(x) 
0.22 
0. 34 
0.41 
0.23 
Oxygen uptake* * 
NADH D-lactate 
~) 
440 65 
870 80 
1045 100 
760 70 
Approximately 76mg membrane protein were loaded onto the gradient 
ATPase and oxidase activities were determined as described in Chapter II 
Results are expressed as 
*µmoles Pi/min per mg protein 
**ng-atoms 0/min per mg protein 
Ratio of 
4 
x/yxlO 
5 
4 
4 
3 
--..J 
°' 
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than that of the membrane preparation from strain J\N2 59. ADI I and 
D-lactate oxidas es in fraction II arc of similar specific ac t i vity to 
those of the unfractionated membranes while those of Fraction I are 50% 
of the activities of Fraction III. It would appear that higher NADH 
and D-lactate oxidase activities are associated with the larger membrane 
particles from Fraction III. 
(ii) Mg-ATPase activities 
The pooled fractions were also tested for Mg-ATPase activity 
as described in Chapter II. The Mg-ATPase activity of Fraction III 
shows a two-fold increase over that of the membranes from strain AN259, 
while that of Fraction II shows a 1.5-fold increase (see Table III.3). 
Fraction I had similar activity to the unfractionated membranes. The 
Mg-ATPase activity relative to NADH oxidase activity was slightly higher 
for the smaller membrane particles from Fraction I as indicated by the 
ratio of the two activities . . 
(iii) Oxidative phosphorylation 
As shown in Table III.4, Fraction III has the highest P/0 ratios 
of the pooled gradient fractions and showed an increase 1n the coupling 
of phosphorylation to the oxidation of D-lactate over that of the 
W1fractionated membranes. Fraction III yielded a P/0 ratio with NADH 
as substrate which was less than that of strain AN259 membranes. The 
P/0 ratios obtained are low for both the gradient fr actions and the 
membrane preparation. 
(b) Discussion 
Glycerol gradient fractionation of membranes from strain AN259 
resulted 1n a two-fold increase in phosphorylation coup led to D-lactate 
~ 
TABLE III.4 
Concentrated 
pooled gradient 
Fraction 
Oxidative phosphorylation in concentrated pooled gradient fractions of the membranes from 
strain AN259 
Phosphate esterified* Oxygen uptake** P/0 ratio 
NADH D-lactate NADH D-lactate NADH D-lactate 
I 5.46 0.77 
II 10.S 0. 14 
III 16.4 10.6 
AN259 membranes 14.4 2.16 
P/0 ratios were measured as described in Chapter II 
Results are expressed as 
*nrnoles Pi/min per mg protein 
**ng-atoms 0/min per mg protein 
430 68 0.01 0.01 
908 84 0.01 0.002 
1070 119 0.02 0.09 
327 44 0.04 0.05 
-.....J 
00 
. .,, 
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oxidation in tl1c large membrane particles of fraction III and was 
accompanted by a similar increase in Mg-ATPase activity. Phosphorylation 
activity was higher in Fraction III than in Fractions I and II. Electron 
microscopy of Fraction I indicated the presence of what appeared to be 
the Mg-ATPase complex on the surface of the membrane particles, while 
Fraction III membranes generally l acked these structures. This 
observation does not correlate with the finding that Fraction III 
membranes are enriched for ATPase activity. The structures apparent 
on th e surface of the small membrane particles are possibly a result 
of negatively stained soluble protein. 
Fraction III appears to be a pure preparation of membranes, 
free of ribosomes, as detected by uv absorption, whereas Fraction I 
contained ribosomes by the same criterion. It is difficult to separate 
the small membranes from ribosomes by gradient centrifugation after 
lSmin. Centrifugation for a longer time decreases resolution of the 
membrane bands. 
The Mg-ATPase appeared to bind specifically to small membrane 
particles from the residue membrane. Fractionation of the membrane 
preparation indicated the larger membranes were associated with energy-
linked activities. However,s ince the isolation of a subfraction of 
membranes with significantly higher P/0 ratios than the membrane 
preparation was not achieved, the assay to measure phosphorylation at 
site I was developed using unfractionated membr?nes. 
E. SUMMARY 
The work presented in this chapter described an attempt to 
isolate membrane particles with high phosphorylation activity . 
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Fractionation of the membrane preparation was not achieved by the 
technique of gel filtration as the membranes adsorbed strongly to the 
gel . Fractionation was achieved only after the membranes had been 
washed in low ionic strength buffer. This procedure solubilised the 
Mg-ATPase and other proteins. The membrane residue was separated into 
subfractions of membranes and ribosomes on the basis of size. Only the 
smaller membrane particles from the fractionated profile could be 
reconstituted with a Mg-ATPase preparation for energy-linked activities. 
Fractionation of the membranes by glycerol gradient · 
centrifugation also separated membrane particles on the basis of size. 
The small membranes were retained at the top of the gradient after 
short centrifugations. Although P/o ·ratios obtained were low, the 
larger membranes possessed phosphorylating activity that was only 
slightly higher than the unfractionated membranes. 
Separation and purification of membrane vesicles with high 
phosphorylating activity was not satisfactorily achieved by either of 
\ 
the techniques used to fractionate membrane preparations. 
Chapter IV 
DEVELOPMENT OF AN ASSAY FOR THE MEASUREMENT OF 
OXIDATIVE PHOSPHORYLATION AT SITE I 
USING MEMBRANE PREPARATIONS 
A. INTRODUCTION 
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The measurement of P/0 ratios using membrane preparations from 
E.coli have usually given lower values than those normally obtained 
with preparations from mitochondria. While such low ratios of about 
0.1 present difficulties in interpretation as to the number of coupling 
sites present, it is possible to distinguish between coupled and uncoupled 
mutants (Butlin et al.~ 1971, 1973; · Cox et al., 1974; Gibson et al.~ 
1977]. Despite the low P/0 ratios, it is a true measure of phosphorylation 
since the ratio decreases in the presence of uncouplers [Butlin et al.~ 
1971]. P/0 ratios obtained with other bacteria [Gel'man et al.~ 1967] 
are also low as was discussed in more detail in Chapter I. 
In establishing the location of the coupling sites,it is of 
interest to determine in which segments of the respiratory chain 
• 
phosphorylation is coupled to electron transport. A site of 
phosphorylation coupled to D-lactate oxidation has been established in 
the respiratory chain of E.coli (Butlin et al.~ 1973]. The electron 
transport sequence between D-lactate and oxygen was presented in Chapter 
I. However, little is known about the possible phosphorylation site 
between NADH and cytochrome b, as the sequence of electron carriers in 
this site I region has not yet been established. 
The arrangement of the electron carriers in the site I region 
of the respiratory chain of mitochondria from mammalian systems and 
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from yeast has been studied intensively [see reviews by Ohnishi, 1973; 
Ragan, 1976]. More recently,EPR spectroscopy has be en us ed to demonstrate 
the presence of multiple iron-sulphur centres in the site I region of 
mitochondria from beef heart [Orme-Johnson e t al.~ 1974] and from Candida 
utilis [Ohnishi, 1973; Chapter I], but no comparable studies have yet 
been made in E. coli. 
The site I region in mitochondria contains NADH-ubiquinone 
oxidoreductase activity. Addition of ubiquinone analogues, namely 
ubiquinone-1 and ubiquinone-2 [Schatz & Racker, 1966] enabled 
phosphorylation at site I alone to be assayed. 
The work to be presented in this chapter describes the 
development of an assay using membrane preparations from E.coli to 
measure oxidative phosphorylation in the site I region of the respiratory 
chain. With NADH as the oxidisable substrate, phosphorylation coupled 
to electron flow between NADH and an added electron acceptor was assayed 
in membranes from cytochrome-deficient and normal strains to ascertain 
initially whether cytochromes were involved in the first site of energy 
conservation. 
B. DEVELOPMENT OF ASSAY MEASURING ELECTRON TRANSPORT AT SITE I 
(a) Cytochrome c Reduction Assay 
A number of electron acceptors were tested in this assay 
system in membranes using NADH as substrate and cytochrome c as chemi cal 
oxidant of the reduced electron acceptor. The r eaction was s t arted by 
the addition of the electron acceptor and the absorbance change at 550nm 
was measured against a reagent blank containing an equal amount of 
oxidised cytochrome c (see Chapter II). 
The following four electron acceptors were investigated: 
menaquinonc-1, menadione, ubiquinone-1 and duroquinone (Fig.IV.I). 
Rates of cytochrome c reduction with NADH as substrate were measured 
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in membranes from the haem-deficient strain AN359 (Table IV.I). Two 
groups of electron acceptors were revealed. The rates of reduction of 
cytochrome c by menadione and duroquinone in the first group were constant 
with time. The second group of acceptors, menaquinone-1 and ubiquinone-1, 
showed non-linear rates of cytochrome c reduction over the lSmin time 
interval (see Fig.IV.2). The rate of cytochrome c reduction tested with 
menadione,the added electron acceptor, shows a linear relationship to 
protein concentration over the range 0-0.2mg protein (see Fig.IV.3). 
The reduction of cytochrome c by menadione only,was then 
measured in membranes from the wild-type strain AN259 in the presence 
of lmM cyanide (Table IV.2). Menadione-mediated cytochrome c reduction 
with NADH as substrate in membranes from strain AN259 was two- to three-
fold higher than the value obtained in membranes from the haem-deficient 
strain AN359 assayed in the presence and absence of cyanide. The 
difference in activities between the membrane preparations is small 
considering that strains AN359 and AN259 are not isogenic and were grown 
under different conditions. The 20% stimulation of cytochrome . c 
reduction by cyanide (Table IV.2) and direct measurement of NADH 
oxidation (Table IV.3) in membranes from strain AN359 suggest that a 
low level of NADH oxidation is still occurring. However, the conclusion 
can be drawn that menadione-mediated cytochrome c reduction appears to 
be cytochrome-independent. 
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Menaquinone-1 Menadione 
0 0 
0 0 
Ubiquinone-1 Duroquinone 
0 0 
0 0 
FIGURE IV.I Structures of the electron acceptors used. 
d 
TABLE IV .1 Rates of cytochrome c reduction for various electron 
acceptors by membranes from the haem-deficient strain 
Time after 
addition of 
acceptor 
(min) 
5 
10 
15 
AN359 
menadione 
80µM 
233 
205 
203 
Cytochrome c reduced* 
Electron acceptor 
duroquinone 
480µM 
85 
104 
101 
ubiquinone-1 
80µM 
92 
59 
33 
Experimental details are described in Chapter II 
The substrate used was NADH 
menaquinone-1 
80µM 
22 
12 
11 
8 5 
*Results are expressed as nmoles cytochrome c reduced/min per mg protein 
d 
1. 
1.4 
1. 
1.0 
menadione 
0 .8 duroquinone 
0.6 
menaquinone-1 
0 .4 
4 
Time { min} 
FIGURE IV . 2 Electron acceptor-mediated reduction of cytochrome c 
with NADH as substrate in membranes from strain AN359. Arrows 
indicate time of addition of electron acceptor after membranes have 
been incubated with NADH. Experimental details are described in 
Chapter II. 
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FIGURE IV.3 Rate of menadione-mediated cy~ochrome c 
reduction is a linear function of the amount of membrane 
protein added over range 0-0.2mg protein. Cytochrome c 
reduction was measured in membranes from strain AN359 
with NADH as substrate and menadione as added electron 
acceptor (final concentration 80µM) . Other experimental 
details are described in Chapter II. 
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TABLE IV.2 
Membranes 
from 
strain 
AN359 
AN359 
AN259 
Rates of cytochrome c reduction in membranes from 
strains AN359 and AN259 
88 
Cytochrome c reduced* 
Addition 
NADH D-lactate 
233 148 
NaCN (lmM) 302 NT 
NaCN (lmM) 617 167 
The added electron acceptor was menadione (80µM) 
*Results are expressed as nmoles cytochrome c reduced/min per mg protein 
NT not tested 
TABLE IV.3 Oxidase activities in membranes 
from strains AN359 and AN259 
Oxygen uptake * 
Membranes 
NADH 0-lactate 
AN359 149 95 
AN259 1296 302 
Experimental details are described in Chapter II 
*Results are expressed as ng-atoms 0/min per mg 
protein 
89 
(b) Effect of Inhibitors of Electron Transport on Cytochrome c 
Reduction 
To ensure that electron transport through the site I region 
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of the respiratory chain was being measured, the sensitivity of electron 
acceptor-mediated cytochrome c reduction to inhibition by piericidin A 
and HQNO was examined in membranes from the haem-deficient strain AN359. 
With menadione as the added electron acceptor, a titration curve for 
the inhibition of cytochrome c reduction by piericidin A is shown in 
Fig.IV.4. 
Menadione-mediated cytochrome c reduction with NADH as 
substrate was inhibited 66% and 49% by piericidin A and HQNO respectively 
(see Table IV.4). However, duroquinone-mediated cytochrome c reduction 
was only 4% inhibited by piericidin A and stimulated 5% by HQNO. When 
0-lactate was substrate, menadione-mediated and duroquinone-mediated 
cytochrome c reduction were stimulated by both inhibitors. 
These observations indicate that menadione is accepting 
electrons from a site at or after the piericidin A and HQNO sensitive 
site while duroquinone is acting before this site. 
(c) Direct Measurement of Menadione Reduction 
The previous sections described a site I assay which measured 
menadione-dependent cytochrome c reduction in th~ presence of NADH as 
substrate . Development of assays to measure menadione reduction directly 
in the electron transport sequence from NADH and 0-lactate,was attempted 
by a fluorometric assay which followed the rate of formation of menadiol 
by membranes in the presence of substrate. Membranes from strain AN492 
were incubated with substrate under N2 and the reaction initiated by the 
addition of menadione . Experimental details are described in Chapter II. 
C 
0 
-
60 
_o 40 
_c 
C 
20 
4 8 12 16 
P i e r i c i d i n A (JJ M ) 
FIGURE IV.4 Titration curve 
of menadione-mediated cytochrome 
1n membranes from strain AN359. 
1n Chapter II. 
of piericidin- A inhibition on rate 
c reduction with NADH as substrate 
Experimental details are described 
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TABLE IV.4 Effects of inhibitors on electron-acceptor mediated cytochrome c reduction in membranes from the 
haem-deficient strain AN359 
Electron acceptor 
(final 
concentration 
µM) 
Inhibitor 
(final 
concentration 
16µM) 
Rate of 
cytochrome c 
reduction* 
NADH D-lactate 
menadione (160) - 221 
duroquinone (480) - 104 
menadione (160) piericidin A -
duroquinone (480) piericidin A -
menadione (160) HQNO -
duroquinone (480) HQNO -
Cytochrome c reduction was measured as described in Chapter II 
*Results are expressed as nmoles cytochrome c reduced/min per mg protein 
Negative values for percent inhibition indicate percent stimulation 
169 
175 
-
-
-
-
NADH 
66 
4 
49 
-5 
% Inhibition 
of 
cytochrome 
reduction 
D-lactate 
-11 
- 6 
-10 
-10 
(.,Q 
N 
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ADI{ an<l mcnad·one have overlapping fluorescence (activation 340nm; 
em1ss1on 440nm) which prevented the assay of menadione r educ tion by NADH. 
The rate of formation of menadiol by membranes in the presence of 
0-lactate was 156 nmoles/min per mg protein. This value was comparable 
to the rate of menadione-mediated cytochrome c reduction with D-lactate 
as substrate (see Table IV . 2). 
(cl) Discussion 
An assay was developed to measure electron transport from NADH 
to an added electron acceptor through the site I region of the respiratory 
chain. Menadione-mediated cytochrome c reduction appeared to be 
cytochrome-independent and menadione was shown to accept electrons from 
a site at or after the piericidin A and HQNO sensitive sites. Snoswell 
& Cox (1968) observed that the inhibition of electron transport by 
piericidin A was reversed by the addition of ubiquinone-1 and concluded 
that this inhibitor acts at or near the site of functional ubiquinone. 
Subsequently, from comparisons of aerobic steady-state oxidation-reduction 
levels of cytochrome bin membranes from a normal strain and from a strain 
lacking ubiquinone, together with the finding that the effect of piericidin 
A and HQNO on the percentage reduction of cytochrome b was similar to the 
effect of ubiquinone deficiency, it was concluded [Cox e t a l.~ 1970b] 
that a ubiquinone site was present between NADH and cytochrome b but not 
between 0-lactate and cytochrome b, and it was proposed that ubiquinone 
functions both before and after cytochrome b (see scheme presented 1n 
Chapter I) . When the sensitivity of menadione-mediated cytochrome c 
reduction to inhibition by piericidin A and HQNO was tested, the finding 
that a piericidin A and HQNO sensitive site occurs before cytochrome b 
confirms the previous conclusion [Cox e t al.~ 1970b ] that ubiquinone 
also functions before cytochrome b . Therefore,it i s now concluded that 
94 
menadione is accepting electrons from a site prior to cytochrome b and 
at or after the site of ubiquinone, and appears to be an appropriate 
electron acceptor to assay electron transport at site I. 
C. ATTEMPTS TO MEASURE OXIDATIVE PHOSPHORYLATION AT SITE I 
(a) Measurement of P/2e Ratios 
The ability of menadione to support phosphorylation coupled 
to electron transport 1n the NADH-menadione segment of the respiratory 
chain was assayed in membranes from strain AN359 grown on glucose to 
mid-exponential phase. ATP formation coupled to cytochrome c reduction 
was measured as described in Chapter II and the phosphorylation 
efficiency expressed as the ratio of moles of phosphate esterified to 
2 moles of cytochrome c reduced (P/2e ratio). Cytochrome c is considered 
as a one electron equivalent oxidant. 
Reduction of menadione by NADH in membranes from the haem-
deficient strain AN359 was coupled to some ATP formation and calculation 
of the P/2e ratio yielded a value of 0.01 (Table IV.5). Phosphorylation 
was not detected with 0-lactate as substrate. A lower level of 
phosphorylation was measured in membranes from the normal strain AN259 
which was always assayed in the presence of cyanide (see Chapter II) and 
yielded a P/2e ratio of less than 0.01 (Table IV.5). There was no 
detectable phosphorylation coupled to menadione reduction by D-lactate. 
In comparison, P/0 ratios in membranes . from strain AN259 were of the 
order of 0.2 with both substrates (Table IV.5). While P/0 ratios 
measured 1n freshly prepared membranes are consistently about 0.1-0.2, 
P/2e ratios varied with each membrane preparation. Amounts of 
phosphorylation varying from levels less than 0.1 to about 4 nmoles Pi 
TABLE IV.5 Oxidative phosphorylation in membranes from normal 
and haem-deficient strains 
Membranes 
from 
strain 
Substrate 
AN359 NADH 
D-lactate 
AN259 NADH 
D-lactate 
Substrate 
AN259 NADH 
D-lactate 
P/2e ratio 
Pi 
esterified* 
3. 78 
<0.01 
1 . 88 
<0.01 
assay 
cytochrome 
reduced** 
233 
148 
384 
146 
P/0 ratio assay 
Pi 
esterified 
130 
17.5 
oxygen 
uptake*** 
606 
116 
C P/2e 
ratio 
0.01 
<0.001 
0.003 
<0.001 
P/0 
ratio 
0.20 
0. 15 
Experimental details for the P/2e and P/0 ratio assays are as 
described in Chapter II 
Results are expressed as: 
*nmoles Pi esterified/min per mg protein 
**nmoles cytochrome c reduced/min per mg protein 
***ng-atoms 0/min per mg protein 
95 
96 
estcrificd/min per mg protein hav e been measured when coupled to menadione 
reduction by NADH. 
(b) Discussion 
Some ATP formation coupled to electron transport from NADH to 
menadione was detected by the assay for the measurement of oxidative 
phosphorylation at site I. However, this phosphorylation activity is 
not reproducible unlike the phosphorylation coupled to 0-lactate 
oxidation. The inability to detect phosphorylation coupled to electron 
transport between D-lactate and menadione confirmed that the second 
coupling site was located after the site from which menadione was 
accepting electrons and that site II was not contributing to 
phosphorylation measured in this present assay system. 
Possible explanations for the low levels of phosphorylation 
detected at site I include: 
(1) loss of phosphorylation activity at site I as a result 
of membrane damage during preparation; 
(2) suboptimal conditions of growth for the induction of 
site I phosphorylation. 
Although the P/2e ratio of 0 . 01 obtained was low, it may 
represent a measure of site I phosphorylation. The following sections 
describe attempts to increase coupling at site I in membranes f rom cells 
-grown to different phase~ of growth and on substrates other than glucose 
as well as in membranes to which the soluble cell fraction had been 
added. 
D. ATTEMPTS TO MEASURE SITE I PHOSPHORYLATION IN STRAIN AN259 
GROWN ON GLYCEROL AND TO DIFFERENT PHASES OF GROWTH 
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It has been reported [Cobley et al .~ 1973; Grossman et al.~ 
1974] that site I phosphorylation in the yeast Candida utilis is acquired 
during the transition from exponential to stationary phase of growth and 
is again lost during catabolite repression. Its appearance was suggested 
to be a property of the different types of NADH dehydrogenase present in 
these different growth stages. Energy coupling at site I in 
Saccharomyces mitochondria has been demonstrated only in stationary phase 
[see Ohnishi, 1973]. 
The wild-type strain AN259 was grown on glucose to early 
stationary phase (Klett 380) and the membranes assayed for site I 
phosphorylation activity in the presence of cyanide. The P/2e ratio 
obtained with NADH as substrate was 0.003 (Table IV.6). Phosphorylation 
activity at site I was similar to the level obtained in cells grown to 
mid-exponential phase (1.88 nmoles Pi esterified/min per mg protein, 
see Table IV.5). 
Transition from the mid-exponential to stationary phase of 
growth did not induce higher levels of phosphorylation activity at site I. 
Hempfling (1970) has described the repression of oxidative 
phosphorylation in E.coli B by growth on glucose and has shown that 
exhaustion of glucose in the presence of other ~ubstrates restored full 
oxidative phosphorylation. Therefore,strain AN259 was grown on glycerol 
to mid-exponential (Klett 250) and late-exponential (Klett 350) phases 
of growth. Site I phosphorylation in membranes from mid-exponential 
phase cells was not detected (Table IV. 7), while the level observed in 
late-exponential phase cells was similar to that observed in glucose-
grown cells and also yielded a P/2e ratio of 0.003. 
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TABLE IV.6 Site I phosphorylation in membranes from strain AN259 
grown to stationary phase on glucose 
Substrate 
NADH 
D-lactate 
Pi 
esterified* 
1.80 
0 . 1 
Cytochrome c 
reduced** 
362 
192 
Experimental details are as described 1n Chapter II 
Results are expressed as 
*nmoles Pi esterified/min per mg protein 
**nmoles cytochrome c reduced/min per mg protein 
P/2e 
ratio 
0.003 
<0.001 
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TABLE IV. 7 Site I phosphorylation assayed in membranes from 
strain AN259 at different phases of growth on glycerol 
Phase of 
growth Substrate 
Pi Cytochrome c P/2e 
esterified* reduced** ratio 
mid-exponential NADH <0.01 343 <0 .001 
D-lactate <0.01 
late-exponential NADH 1.85 
D-lactate <0.01 
Experimental details are described in Chapter II 
Results are expressed as 
*nmoles Pi esterified/min per mg protein 
**nmoles cytochrome c reduced/min per mg protein 
36 
371 
19 
<0.001 
<0.003 
<0.001 
I 
~ 
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Phosphorylation activity at site I was not _increas ed by growth 
of the cells on glycerol. Therefore,the low P/2e ratios obtained were 
not a result of catabolite repression by glucose. 
E. ATTEMPTS TO INCREASE SITE I PHOSPHORYLATION BY ADDITION OF THE 
SOLUBLE FRACTION TO MEMBRANES FROM STRAIN AN259 
The requirement for soluble components for restoration of 
phosphorylation was first demonstrated in bacterial systems [Pinchot, 
1953; Bogin et al .~ 1970]. In some bacterial systems, not only are 
the coupling factors solubilised, but many of the dehydrogenases are 
released during cell disruption. The requirements for supplementation 
with soluble components vary but depend on the methods used for disruption 
of whole cells. 
Requirement of the soluble fraction for restoration of oxidation 
and phosphorylation has been studied in Mycobacteriwn phlei. Three 
different soluble components which exhibited coupling factor activity 
and appeared to be site specific were identified in the M.phlei system 
[Bogin e t al.~ 1970; Higashi et al.~ 1970]. 
The first site of energy coupling may be functional in whole 
cells but phosphorylation activity could be lost during disruption of 
cells and preparation of membranes when a coupling protein may be readily 
solubilised from the membrane. This possibility was tested by assaying 
membranes in the presence of the cell cytoplasm for site I activity. 
Membranes from strain AN259 were prepared as described in Chapter II. 
The cytoplasm was contained in the first supernatant fraction. 
Membranes to which the soluble fraction had been added,yielded 
a P/2e ratio of 0.003 with NADH as substrate which was similar to the 
ratio obtained with membranes alone (Table IV.8). The amount of 
phosphorylation obtained with the supplemented membranes showed about 
a two-fold increase over that obtained with membranes alone. However, 
this level of activity was also found to be variable. The soluble 
fraction alone showed no detectable coupling activity. Addition of 
the soluble fraction to membranes stimulated cytochrome c reduction 
with NADH as substrate. Reduction of cytochrome c by the soluble 
fraction alone indicated that menadione interacts with a soluble NADH 
dehydrogenase. The soluble fraction did not reduce cytochrome c when 
0-lactate was the added substrate. These observations suggested that 
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a soluble coupling factor was not required for site I coupling activity. 
F. HEAT TREATMENT OF MEMBRANES 
Electron .transport particles from M.phZei exhibit low levels 
of phosphorylation unless supplemented with soluble coupling proteins. 
Heat treatment of the ETP for lSmin at 50°C was found to result in a 
slight loss of oxidation and an activation of phosphorylation with NADH 
as substrate [Bogin et al.~ 1970]. The heat-activated particles did not 
require the addition of soluble coupling factors and levels of oxidative 
phosphorylation were similar to levels observed in supplemented ETP. 
This section describes the effects of heat treatment at 50°C 
for lSmin on site I phosphorylation activity in.membranes from strain 
AN259. The P/2e ratio of 0.004 obtained in the heated membranes (Table 
IV.9) was not increased significantly over that obtained (P/2e of 0.003) 
in unheated membranes (Table IV.S). A stimulation in the rate of 
cytochrome c reduction with NArnI as substrate was observed. The addition 
of heat-treated soluble fraction to the heated membranes resulted in a 
slight decrease in the P/2e ratio. Heat treatment of membranes did not 
TABLE IV.8 Assay of site I phosphorylation in membranes from 
strain AN259 after addition of the soluble fraction 
Membrane 
system 
Membranes 
Membranes 
+ soluble fraction 
Soluble fraction 
Membranes 
Membranes 
+ soluble fraction 
Soluble fraction 
Substrate 
NADH 
NADH 
NADH 
D-lactate 
D-lactate 
D-lactate 
Pi 
esterified* 
1.88 
3.28 
<0.1 
<0.1 
<0.1 
<0.1 
cytochrome c 
reduced** 
384 
525 
581 
108 
95 
*** 
Experimental details are as described 1n Chapter II 
Results are expressed as 
*nmoles Pi esterified/min per mg protein 
**nmoles cytochrome c reduced/min per mg protein 
***cytochrome c not reduced 
ND not determined 
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P/2e 
ratio 
0.003 
0.003 
<0.001 
<0.001 
<0.001 
ND 
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TABLE IV.9 Effect of heat treatment on site I phosphorylation 
activity in membranes from strain AN259 
Membranes 
Membranes (50°C) 
Membranes (50°C) 
+ soluble fraction 
(50°C) 
Substrate 
NADH 
D-lactate 
NADH 
D-lactate 
Pi 
esterified* 
4.58 
<0.01 
2.4 
<0.001 
cytochrome c 
reduced** 
583 
70 
547 
64 
Experimental details are as described in Chapter II 
Results are expressed as 
*nmoles Pi esterified/min per mg protein 
**nmoles cytochrome c reduced/min per mg protein 
P/2e 
ratio 
0.004 
<0.001 
0.002 
<0.001 
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increase coupling activity at site I. 
G. DISCUSSION AND CONCLUSIONS 
An assay to measure electron transport through the site I 
region of the respiratory chain was developed in membrane preparations 
using menadione as the added electron acceptor. Menadione-mediated 
cytochrome c reduction with NADH and D-lactate as substrates was 
measured. Menadione was shown to accept electrons from a site at or 
after the site of piericidin A and HQNO inhibition. Menadione-mediated 
cytochrome c reduction appeared to be cytochrome-independent and as 
previously discussed in Section B(d) of this chapter, it was concluded 
that menadione was accepting electrons from a site before cytochrome b 
and at or after the site of ubiquinone. 
Very low levels of phosphorylation at site I were detected and 
the variable amounts obtained suggested that coupling activity at site I 
is unstable. 
Various conditions of growth were explored which might induce 
or increase coupling at site I. However: 
(1) the P/2e ratios obtained in membranes from cytochrome-
deficient and wild-type strains were of equally low 
values; 
-(2) site I phosphorylation was not induced during the 
transition from mid-exponential to stationary phase of 
growth; 
(3) growth on glycerol to relieve catabolite repression 
did not induce coupling at site I; 
(4) no significant change in the P/2e ratio was obtained 
on the addition of the soluble fraction to membranes 
indicating that soluble coupling factors were not 
required for site I coupling activity; 
(5) no stimulation of site I was observed on heating of 
the membranes at 50°C for lSmin. 
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The P/2e ratios obtained were .variable and generally less than 
0.01. Therefore phosphorylation at site I could not always be detected, 
even in cytochrome-deficient strains where site I coupling activity 
might be derepressed. It 1s possible that ATP is generated at site I 1n 
intact cells but coupling activity could be inactivated during the 
preparation of membranes. 
Chapter V 
MEASUREMENT OF PROTON TRANSLOCATION AT SITE I 
IN WHOLE CELLS 
A. INTRODUCTION 
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The mechanism of oxidative phosphorylation is not known but 
numerous hypotheses have been proposed to account for respiratory chain 
phosphorylation (see Chapter I). The "high-energy" membrane state 
proposed by Greville (1969) is an intermediate in the synthesis of ATP 
by oxidative phosphorylation but its nature at present is the subject 
of much debate . A review of this literature was presented in Chapter I. 
Briefly, the chemical hypothesis,as originally proposed by 
Slater (1953), considers the primary event in respiration to be a high 
energy intermediate (X-I) from which ATP synthesis then proceeds via a 
series of phosphorylated high-energy intermediates [see Greville, 1969]. 
The chemiosmotic hypothesis however, [Mitchell, 1961, 1967] envisages 
that electron flow is coupled to the translocation of protons across 
+ -the membrane giving a -+H /2e ratio of 2 per energy conservation site 
[Mitchell, 1966c]. 
Respiration-driven proton translocation was first demonstrated 
in intact cells of E.coli [West & Mitchell, 197ZJ with the oxidant pulse 
+ 
method of Mitchell & Moyle (1967b). -+H /0 ratios were calculated from the 
transient acidification of the medium when anaerobic cell suspensions in 
the presence of substrates were pulsed with oxygen. This technique has been 
used as an alternative approach in the estimation of the number of energy 
conservation sites associated with the aerobic respiratory chain of 
E.coli . West & Mitchell obtained -+H+/0 ratios of between 3 and 4. 
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Subsequently Lawford & Haddock (1973), using aerobically starved cells 
+ 
oxidising added substrates, demonstrated -+H /0 ratios of approximately 4 
with NADH-linked substrates and 2 with flavin-linked substrates. They 
concluded that two energy conservation sites were present, one of which 
was located after the intersection of the flavin-linked dehydrogenases, 
between cytochrome band oxygen, and that the first of these sites 
located between NADH and cytochrome b. This latter conclusion needs 
confirmation by a site specific assay. 
The previous chapter described an assay to measure oxidative 
phosphorylation at site I. However., since only low levels of ATP 
synthesis could be demonstrated, measurement of the proton gradient 
generated at site I offers an alternative approach in the detection of 
the "high-energy" membrane state coupled to electron transport between 
NADH and cytochrome b . 
This chapter describes the development of an experimental 
system to measure proton translocation specifically at site I in whole 
cells of a cytochrome-deficient strain of E.coli. The electron acceptor, 
menadione, which was used in the site I phosphorylation assay in membrane 
preparations (see Chapter IV) was similarly used as the electron acceptor 
for the site I assay in whole cells . Electron transport and proton 
translocation activities in haem-deficient cells were compared with those 
obtained in cells reconstituted for cytochromes and in haem-sufficient 
cells. 
B. GROWTH OF THE HAEM-DEFICIENT STRAIN AN704 
(a) Bacterial Strain 
Strain AN704 was used in the present study of proton 
translocation in whole cells (see Chapter II). It carries a mutation 
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1n the hemA gene which 1s a structural gene concerned with the synthesis 
of 5-aminolaevulinic acid (5-ALA), a precursor of haem-biosynthesis 
[Sasarman et al.~ 1968]. Cytochromes can be reconstituted in a haem-
deficient strain and this aspect will be discussed later in relation to 
studies on the effects on the nwnber of energy conservation sites present 
when the length of the respiratory chain being measured has been altered 
by changing the oxidant or by reconstituting for cytochromes. 
(b) Selection of Carbon Source 
Whole cells of E.coli oxidise 0-lactate while NADH is not 
readily oxidised by intact cells. The selection of the substrate on 
which the cells were grown was subject to two conditions. Firstly, the 
ability to detect the formation of a proton gradient coupled to NADH 
oxidation requires the oxidation of the substrate to generate NADH 
internally. NADH dehydrogenase mutants have been isolated by a screening 
procedure based on the inability of such mutants to grow on mannitol 
[Young & Wallace, 1976]. The dehydrogenase which oxidises mannitol-1-
phosphate to fructose-6-phosphate generates NADH which is oxidised via 
NADH oxidase. Mannitol is transported into the cell by the phospho-
enolpyruvate phosphotransferase system (PTS) [see Postma & Roseman, 1976]. 
Secondly, mannitol is able to support the growth of a number of electron 
transport and uncoupled mutant strains that were also to be investigated 
(see chapters VI and VII). ~annitol satisfies these requirements and was 
used for both the growth of cells and as substrate in the various assays. 
Since oxygen uptake 1s a measure of electron transpor~ it will be 
assumed that oxygen uptake with mannitol as substrate is a measure of 
NADH oxidation and will be referred to as such. 
(c) Growth and Starvation of Cells 
For the preparation of haem-deficient cells of strain AN704, 
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a 100ml inoculum of cells was grown overnight in the presence of 5-ALA 
(final concentration 0.4µM). The culture was then added to 900ml of 
medium without added 5-ALA and the cells incubated until growth was 
limited at a Klett reading of about 80-90. Haem-deficient cells were 
reconstituted for cytochromes by incubation of the cells for 2h in the 
presence of mannitol and excess 5-ALA,as Haddock & Schairer (1973) had 
established that reconstitution of cytochromes was dependent on the 
presence of a fermentable carbon source and 5-ALA. Haem-sufficient cells 
of strain AN704 were grown in excess concentrations (O.lmM) of 5-ALA and 
were harvested similarly at a Klett reading of 80. Haem-deficient, 
haem-reconstituted and haem-sufficient cells were subsequently starved 
of endogenous substrates aerobically in medium lacking mannitol (see 
Chapter II). 
C. MEASUREMENT OF ELECTRON TRANSPORT AND PROTON TRANSLOCATION 
ACTIVITY IN STRAIN AN704 
(a) Menadione Reductase Activities 
Each of the three cell preparations from strain AN704 were 
assayed for the ability to reduce menadione. 
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Experimental details are described in Cl1apter II. Menadione 
(400 nmoles) was added to cells incubated with substrate and the initial 
rate of menadione reduction measured (see Fig.V.l). The results (Table 
V.l) demonstrated that menadione reductase activities in haem-deficient 
cells were similar to those observed in the haem-reconstituted and 
haem-sufficient cells and indicated that electron transport from NADH 
or from D-lactate to menadione was independent of cytochromes. 
(b) Chemical Reduction of Menadione 
+ -Calculation of """7f--I /2e ratios with menadione as the added 
oxidant pulse, is dependent upon determining whether the 400 nmoles of 
menadione added were fully reduced. The increase in relative fluorescence 
after addition of 400 nmoles menadione to the cells in the presence of 
substrate was approximately 0.9 (see Fig.V.l). When the reaction 
mixture was centrifuged to pellet the cells, the relative fluorescence 
of the decanted supernatant was also approximately 0.9. 
Menadione was chemically reduced by zinc powder in a solution 
of ethanol :HCl (proportion 4:1) in a final volume of 2.0ml to yield a 
relative fluorescence reading of 1.8 (see Table V.2). When 0.5ml ethanol 
was added to 2.0ml of the reaction mixture supernatant, a relative 
fluorescence of approximately 2.0 was obtained and indicated that the 
fluorescence of menadione was at least two-fold higher in the presence 
of ethanol . The results suggested that the 400 nmoles of menadione 
added were fully reduced by the cells. 
(c) Oxidase Activities 
NADH oxidase activities in haem-reconstituted cells were 
similar to the levels found in haem-sufficient cells (see Table V.3) 
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FIGURE V.l Menadione reduction in haem-deficient cells from strain 
AN704. Cells were incubated with substrates a) mannitol, b) 0-lactate. 
Other experimental details are described in Chapter II. 
112 
TABLE V .1 Menadione reductase activities in cells from strain AN704 
Substrate 
mannitol 
D-lactate 
endogenous 
haem-
deficient 
336 
147 
14 
Menadione reduction by cells* 
haem-
reconstituted 
354 
157 
16 
Experimental details are described in Chapter II 
haem-
sufficient 
300 
123 
25 
*Results are expressed as nmoles menadione reduced/min per mg dry wt 
TABLE V.2 Comparison of levels of chemical and enzym1c reduction 
of menadione 
Conditions for reduction 
of 400 nmoles menadione 
Ethanol:HCl + Zn 
Reaction mixture supernatant 
Reaction mixture supernatant 
+ 0.5ml ethanol 
final vol 
(ml) 
2.0 
2.0 
2.5 
Ethanol and HCl were 1n the proportion 4:1 
Zinc was added as zinc powder 
Relative 
fluorescence 
1.8 
0.9 
2.0 
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TABLE V.3 Oxidase activities in cells from strain AN704 
Substrate 
mannitol 
0-lactate 
endogenous 
haem-
deficient 
22 
37 
19 
Oxygen uptake by cells* 
haem-
reconstituted 
181 
136 
34 
Experimental details are described in Chapter II 
*Results are expressed as ng-atoms 0/min per mg dry wt 
haem-
sufficient 
211 
238 
26 
114 
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while 0-lactate oxidase activities were about 60% of the leve l observed 
in haem-sufficient cells. 
(d) Measurement of Proton Translocation with Menadione and 
Oxygen as Oxidant Pulses 
Figure V.2 shows typical proton pulses obtained with additions 
of menadione to haem-deficient cells (of strain AN704) in the presence 
of mannitol and 0-lactate as substrates. Addition of the uncoupler CCCP 
(carbonylcyanide-m-chlorophenylhydrazone) induced a rapid collapse of 
the proton gradient (Fig.V.2.a). + -The -*:11 /2e ratios obtained (Table V.4) 
indicate a proton gradient is generated in the haem-deficient cells with 
mannitol as substrate but not with D~lactate. Haem-sufficient cells 
+ - + -yielded slightly lower~ /2e ratios with mannitol. Variable~ /2e 
ratios were obtained for both substrates in haem-reconstituted cells. 
It is clear that menadione stimulates uncoupler-sensitive 
proton translocation and it is likely that this is due to the translocation 
of protons at a coupling site between NADH and the site of action of 
menadione. 
(ii) ~H+/0 ratios 
Typical proton pulses obtained on the addition of air-saturated 
buffer to haem-reconstituted cells are shown in Figure V.3. + . ~ /0 ratios 
of 3.5 (Table V.5) obtained with rnannitol as substrate suggested there 
were two proton translocation sites coupled to the oxidation of NADH, 
while the value of 1. 7 obtained with 0-lactate indicated the presence of 
one site coupled to 0-lactate oxidation. 
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FIGURE V.2 Proton translocation in haem-deficient cells from 
strain AN704. Cells were incubated with substrates a) mannitol, 
b) D~lactate, prior to the addition of N2-saturated menadione (400 nmoles) as indicated by the arrows. The addition of CCCP 
(100 nmoles) at the peak of acidification is indicated. -+H+/2e: 
ratios for each menadione pulse were calculated from the extent 
of the gradient from the extrapolated peak of acidification that 
was collapsed by CCCP. 
TABLE V.4 
Substrate 
mannitol 
0-lactate 
+ -Measurement of ~l /2e ratios 1n cells 
from strain AN704 
. 
,LI+/2e- . 
-r:n ratio 
haem-
deficient 
1. 7 
0.3 
haem-
sufficient 
1.1 
0.3 
Experimental details are described in Chapter II 
Additions of 400 nmoles of N2-saturated menadione 
were made to the cells incubated with substrate for 
Smin 
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FIGURE V.3 Proton translocation in haem-reconstituted cells from 
strain AN704. Cells were incubated with substrates a) mannitol, 
b) 0-lactate, prior to addition of 100µ1 of air-saturated buffer 
(100mM-KCl-2mM-glycylglycine, pH7 . 0) which was equivalent to 42 + 
ng-atoms 0 . The addition of CCCP (100 nmoles) is indicated. -+H /0 
ratios for each o2 pulse were calculated from the extrapolated peak 
of acidification. 
TABLE V.5 
Substrate 
mannitol 
D-lactate 
Measurement of -+H+/0 ratios obtained 
in cells of strain AN704 
-+I:--t /0 ratio 
haem-
reconstituted 
3.5 
1.7 
haem-
sufficient 
2.4 
1. S 
Experimental details are described in Chapter II 
Additions of air-saturated 100mM-KCl-2mM-glycylglycine 
buffer pH7.0 were made to cells incubated with 
substrate for Smin 
11 9 
120 
+ In hacm-suf ficicnt cells, a -+II /0 ratio of 2. 4 was obtained 
with NADH as substrate compared to the value of 1.5 obtained with 
D-lactate. The difference between the --*H+/0 ratios obtained with NADH 
and D-lactate suggests that some proton translocation is occurring at 
site I. 
(e) Instability of Proton Translocation at Site I in 
Haem-Reconstituted Cells 
Proton translocation was assayed always in freshly prepared 
+ - + . 
cells to give the -tH /2e and -+ti /0 ratios shown in Tables V.4 and V.5. 
When the cells were stored at 4°C for 12h and proton translocation 
+ -
measured again, -41 /2e ratios in haem-deficient cells remained unchanged. 
+ However the ~I /0 ratios obtained in haem-reconstituted cells with 
mannitol as substrate decreased from 3.5 to 2.4 after 12h. Proton 
translocation coupled to D-lactate oxidation remained unchanged. Oxidase 
activities were stable over the same time period. This observation 
suggested that proton translocation couple·d to electron transport 
between NADH and menadione at site I in haem-deficient cells was stable. 
The measurement of proton translocation coupled to NADH oxidation in 
haem-reconstituted cells does not represent a site I specific assay. 
However the decrease in the +H+/0 ratio in these cells may reflect a 
change in the electron transport sequence from a fully functional proton-
translocating electron transport sequence at site I to the induction of 
a non-proton-translocating sequence possibly operating in parallel. 
D. THE ENERGISATION OF PROLINE UPTAKE 
(a) lntroduction 
The accumulation of a solute within a cell against a 
concentration gradient requires the utilisation of metabolic energy. 
In E. coli the transport of some solutes requires the production of a 
"high-energy" membrane state [Harold, 1972; Simoni & Postma, 1975] 
which may be energised under aerobic conditions by electron transport 
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to oxygen [Barnes & Kaback, 1970] and under anaerobic conditions by 
electron transport to such electron acceptors as nitrate or fumarate 
[Konings & Kaback, 1973] without the formation of ATP. Proline 
transport is driven by this "high-energy" membrane state [Klein & Boyer, 
1972; Simoni & Postma, 1975]. The energisation of proline uptake was 
investigated in haem-deficient and haem-sufficient cells of strain AN704. 
(b) Anaerobic Proline Uptake Coupled to Menadione Reduction 
in Haem-Deficient Cells 
The uptake of proline under anaerobic conditions was performed 
as described in Chapter II. Menadione stimulated the uptake of proline 
by cells energised with mannitol as oxidisable substrate but did not 
stimulate uptake with D-lactate as substrate (Fig.V.4.A). This data 
is consistent with the formation of a proton gradient at site I. 
(c) Aerobic Uptake of Proline Coupled to Substrate Oxidation 
in llaem-Sufficient Cells 
The aerobic uptake of proline in haem-sufficient cells was 
energised more efficiently with mannitol as substrate than with D-lactate 
(Fig.V.4.B) despite the ability of the cells to take up oxygen at similar 
rates with both substrates (Table V.3). 
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FIGURE V.4 
strain AN704. 
Rates of uptake of praline in starved cells from 
Uptakes were performed as described in Chapter II. 
A: uptake of praline in haem-deficient cells 
assayed under anaerobic conditions. The 
time of addition of menadione (lµmole) is 
arrowed. 
B: uptake of praline in haem-sufficient cells 
assayed under aerobic conditions. 
Symbols representing substrates are: 
• mannitol 0 D-lactate 0 
none 
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E. DISCUSSION 
The ability of menadione to act as an electron acceptor in 
whole cells has provided a convenient experimental system in which to 
examine the first site of energy conservation in E.coli. Similar rates 
of menadione reduction obtained in haem-deficient and haem-sufficient 
cells indicated that electron transport from NADH to menadione was 
cytochrome-independent. Therefore>in whole cells menadione appears to 
be accepting electrons from a site prior to cytochrome b. From the 
+ -
-+I /2e ratio of approximately 2 that was obtained in haem-deficient 
cells,it was concluded that the site I assay measured the generation of 
a proton gradient coupled to electron transport between NADH and 
menadione. 
+ -The --rl-1 / 2e ratio of O. 3 obtained with D-lacta te as substrate 
is possibly a result of proton trans location coupled to menadione-
mediated oxidation of NADH generated from the metabolism of intermediates 
from D-lactate oxidation. 
It was concluded that the formation of a proton gradient at 
site I could be coupled to the uptake of praline which suggests that 
energy for transport can be derived from a "high-energy" membrane state 
or intermediate generated via respiration at site I. 
The technique of respiration-linked proton translocation in 
bacteria has also been used by Jones et al. (197~) to assess the relative 
efficiencies of energy coupling associated with differences in 
respiratory chain composition. + ~H /0 ratios can only be estimated with 
certainty for a particular substrate when the added substrate 
significantly stimulates oxygen uptake. However the number of coupling 
sites present can be inferred from ~H+/0 ratios for endogenous substrates 
as measured by West & Mitchell (1972), Meyer & Jones (1973), Brice et al . 
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( 19 7 4 ) and Jones et al . ( 19 7 5) . 
+ 
-+H /0 ratios obtained in haem-reconstituted cells indicated 
the presence of two sites of proton translocation in the aerobic 
electron transport chain of E.coli , one of which was coupled to D-lactate 
oxidation. Lawford & Haddock (1973) have also observed two proton 
translocation sites in E.coli . However the site I assay in haem-
deficient cells used in the present work specifically demonstrates the 
presence of a proton translocation site prior to cytochrome b. 
Some proton translocation at site I was apparent in haem-
sufficient cells and in haem-reconstituted cells after storage at 4°C. 
This observation suggests the presence of two electron transport 
sequences operating in the site I region in these cells: a proton-
translocating sequence and a non-proton-translocating sequence. 
The site I assay sys.tern developed in haem-deficient cells of 
E.coli measured two protons translocated per pair of reducing equivalents 
transferred along a span of the respiratory chain, as has been 
demonstrated in mitochondria [Mitchell & Moyle, 1967b]. 
l· 
Chapter VI 
RESPIRATION-LINKED PROTON TRANSLOCATION IN MUTANT 
STRAINS AFFECTED IN THE ENTEROCHELIN SYSTEM 
OF IRON UTILISATION 
A. IrJTRODUCTION 
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Iron is transported into E.coli by the enterochelin-mediated 
system for iron transport. The operation of the enterochelin system 
was detailed in Chapter I. Mutant strains deficient in enterochelin-
synthesis (designated entA-G) [Luke & Gibson, 1971; Young et al . ., 1971; 
Woodrow et al . ., 1975] are unable to obtain iron by the enterochelin-
mediated transport system, but the uptake of iron is observed when 
enterochelin is added to the medium [Langman et al . ., 1972]. Mutants 
defective in component(s) of the enterochelin-mediated iron uptake 
system (designated fep-) are unable to transport iron into the cell 
[Cox et al . ., 1970a; Langman et al . ., 1972]. 
Lowered concentrations of total iron and cytochrome b observed 
in cell extracts from ent- and fep strains [Cox et al . ., 1970a] led to 
the conclusion that such strains were iron-deficient. The deficiency 
was more pronounced in the fep strain. Iron-limited growth of E.coli 
[Rainnie & Bragg, 1973] resulted in a loss of energy conservation, decreased 
levels of non-haem iron and of NADH and succinate oxidase activities. 
It was proposed that non-haem iron was involved in energy coupling in 
E. coli . A non-haem iron-ubiquinone complex has been proposed by Cox 
et al . (197Gb) following earlier suggestions by Vallin & Low (1968) 
that a non-haem iron-ubiquinone complex was an intermediate in mitochondrial 
oxidative phosphorylation. 
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111c use of mutants unable to synthesjse components of the 
cntcrochclin-me<liatcd iron transport system provides an alternative 
means of studying the effects of iron limitation on energy conservation 
in E. coli . The present chapter describes effects of iron deficiency 
on proton translocation and electron transport at site I in a mutant 
strain unable to synthesise enterochelin. 
B. EFFECT OF IRON DEFICIENCY IN CELLS FROM STRAIN AN704 (entA-) 
(a) Growth of Strain AN704 (entA-) Under Conditions of Iron 
Limitation 
Strain AN704 carries a mutation in the entA gene and is 
therefore unable to convert chorismate to 2,3-dihydroxybenzoate, an 
intermediate in the synthesis of enterochelin. However)the entA allele 
of strain AN704 is different from that of the entA mutant strain 
previously described [Cox et al. 3 1970a] in that growth of AN704 on 
glucose shows an absolute requirement for 2,3-dihydroxybenzoate. For 
the preparation of haem-sufficient cells of strain AN704 (entA ), a 
100ml inoculum of cells was grown overnight in the presence of excess 
5-ALA (final concentration, 0.lmM) and of 2,3-dihydroxybenzoate at a 
final concentration of 0.25µM. This culture ·was added to 900ml of 
medium containing 5-ALA and the cells incubated until growth was limited 
at a Klett reading of about 30 (see Fig.VI.I). 
For the preparation of ALA-deficient cells of strain AN704 
(entA )) the medium for the growth of the inoculum contained 5-ALA at a 
final concentration of 0.4µM and 2,3-dihydroxybenzoate at a final 
concentration of 0.25µM as this was the concentration found to be 
limiting for growth (see above). The inoculum was then added to fresh 
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FIGURE VI.l Growth of cells from strain AN704 on manni tol. 
The cells were grown as 
• ALA-sufficient, with DHB 
0 ALA-sufficient, without DHB 
.& ALA-deficient, with DHB 
b. ALA-deficient, without DHB 
medium lacking both 5-ALA and 2,3-dihydroxybenzoate and incubated until 
growth ceased at a Klett reading of about 50 (see Fig.VI.l). T11is 
higher final Klett reading obtained indicates that these cells may not 
be completely iron-limited. Conditions for the limitation of growth 
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by both iron and 5-ALA were difficult to achieve and were also difficult 
to reproduce. 
T11e growth of ALA-sufficient and ALA-deficient cells in the 
presence of 2,3-dihydroxybenzoate was as previously described in 
Chapter V. In addition, the ALA-deficient cells were reconstituted 
for cytochromes in the presence of 5-ALA (see Chapter V). 
(b) Menadione Reductase Activities 
Rates of menadione reduction with both mannitol and D-lactate 
in ALA-deficient cells prepared in the presence of growth-limiting 
concentrations of 2,3-dihydroxybenzoate (DHB) were similar to those 
obtained in the ALA-deficient cells grown in the presence of DHB (Table 
VI.l). Growth of AN704 (entA-) under these conditions had no effect 
on electron transport from NADH to menadione. However,menadione 
reductase activities with both mannitol and D-lactate in the ALA-
reconstituted cells of strain AN704 (entA) were lower than those found 
in the normal ALA-reconstituted cells,and were lacking in the iron-
limited ALA-sufficient cells. Under these conditions of growth of AN704 
(entA-), the ALA-deficient cells may not be completely iron-limited and 
reconstitution of cytochromes or growth of cells in the presence of 
5-ALA is necessary to produce an effect of iron limitation which then 
results in a decrease in menadione reductase activity. Electron flow 
from NADH to menadione appeared to be more sensitive to iron-limiting 
conditions than was electron flow from D-lactate to menadione. 
TABLE VI.l Menadione reductase activities in cells of strain 
AN704 grown in the presence and absence of 
2,3-dihydroxybenzoate 
Menadione reduction by cells* 
Substrate ALA-deficient ALA-reconstituted ALA-suffici ent 
+DHB** -DHB +DHB** -DHB +DHB** -DHB 
mannitol 336 314 35_4 162 300 
D-lactate 147 105 157 102 123 
endogenous 14 12 16 14 25 
Experimental details are described in Chapter II 
*Results are expressed as nmoles menadione reduced/min per mg 
dry wt 
**Data taken from Table V.3 
15 
37 
19 
129 
130 
(c) Oxi<lasc Activities 
Reconstituted NADII oxidase activity in cells grown in the 
absence of DHB was about 30% of the level observed in the ALA-
reconstituted cells prepared in the presence of DHB, while the 0-lactate 
oxidase activi~y was about 80% of that obtained (see Table VI.2). 
ALA-sufficient cells appeared to be more iron-limited than the ALA-
reconstituted cells as indicated by the lower oxidase activities. 
Reconstitution of NADH oxidase was more sensitive to iron-limiting 
conditions than was 0-lactate oxidase. 
(d) Measurement of Proton Translocation with Menadione and 
Oxygen as Oxidant Pulses 
(i) + --+H /2e ratios 
+ -The -+H /2e ratio obtained with mannitol as substrate in 
ALA-deficient cells prepared in the absence of DHB was 0.4 compared to 
the value of 1.7 obtained in ALA-deficient cells grown in the presence 
of DHB (see Table VI.3). This observation indicated that under iron-
limiting conditions of growth, a proton gradient coupled to electron 
flow from NADH to menadione was not generated. 
(ii) -+H+/0 ratios 
ALA-reconstituted cells prepared in the absence of DHB 
+ yielded a -tH /0 ratio of 2.4 (Table VI.3) with mannitol as substrate 
compared to the ratio of 3.5 obtained in haem-reconstituted cells 
prepared in the presence of DHB. This result suggested that only one 
proton translocation site coupled to NADH oxidation appeared to be 
operating in these cells and that iron-limiting conditions of growth 
resulted specifically in a loss of proton translocation at site I . 
TABLE VI.2 Oxidase activities in cells from strain AN704 grown 
in the presence and absence of 2,3-dihydroxybenzoate 
Oxygen uptake by cells* 
Substrate ALA-deficient ALA-reconstituted 
+DHB** -DHB +DHB** -DHB 
mannitol 22 22 260 69 
D-lactate 37 22 116 89 
endogenous 19 17 34 19 
Experimental details are described in Chapter II 
*Results are expressed as ng-atoms 0/min per mg dry wt 
**Data taken from Table V.l 
ALA-sufficient 
+DHB** 
-DHB 
211 26 
238 44 
26 22 
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TABLE VI.3 Proton translocation in cells of strain AN704 grown 
in the presence and absence of 2,3-dihydroxybenzoate 
+ -
-+H /2e ratio 
Substrate ALA-deficient cells 
+DHB* -DHB 
mannitol 1.7 0.4 
0-lactate 0.3 0.2 
-+1-t /0 ratio 
Substrate ALA-reconstituted cells 
+DijB** -DHB 
mannitol 3.5 2.4 
0-lactate 1.7 1.5 
Experimental details are described in Chapter II 
Additions of 400 nmoles of N -saturated menadione were made to the 
ALA-deficient cells incubate~ with substrate for Smin and additions 
of air-saturated buffer (42 ng-atoms 0) were made to ALA-reconstitut ed 
cells 
*Data taken from Table V. 4 \ 
**Data taken from Table V.5 
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(c) Instability of Electron Transport Activity in 
I lacm-Rccons ti tut eel Ccl 1 s 
Under iron-limiting conditions, ALA-reconstituted cells 
showed a loss in menadione reductase activity and oxidase activity 
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with mannitol as substrate over a period of time of about 24h (see 
Table VI .4). Rates of electron flow from NADH to menadione and oxygen 
in the ALA-reconstituted cells decreased to the levels observed in 
fresh ly prepared iron-limited ALA-sufficient cells. In contrast, 
activities in normal haem-reconstituted cells retained both activities 
over the same time period . Electron transport activities with 0-lactate 
as substrate also remained stable. 
C. PROTON TRANSLOCATION IN STRAIN AN704 (entA-) GROWN IN THE 
PRESENCE OF CITRATE 
Mutant strains unable to synthesise enterochelin, grow if 
iron or citrate is added to the medium [Young et al.~ 1967; Cox et al.~ 
1970a ]. Frost & Rosenberg (1973) have demonstrated the presence of an 
inducible citrate-dependent system of iron t ransport in strains of E.coli 
K-12, this system being independent of the enterochelin system. 
The inability of ALA-deficient cells of strain AN704 (entA) 
to generate a proton gradient at site I was further investigated in 
order to determine whether enterochelin or iron was directly 
involved in energy coupling. Cells from strain AN704 were grown as 
described in Chapter II in the absence of 2,3-dihydroxybenzoate but 
with added citrate (final concentration, lOmM). 
1. 
TABLE VI.4 Instability of electron transport activity in 
ALA-reconstituted cells from strain AN704 grown 
in the presence and absence of 2,3-dihydroxybenzoate 
Cells 
grown with 
+DHB 
-DHB 
Activity 
menadione reductase* 
NADH oxidase** 
menadione reductase* 
NADH oxidase** 
Freshly 
prepared 
335 
248 
129 
63 
Experimental details are described in Chapter II 
The cells were stored at 4°C for 24h 
Results are expressed as 
*nmoles menadione reduced/min per mg dry wt 
**ng-atoms 0/min per mg dry wt 
Cells assayed 
after 24h 
298 
230 
20 
20 
134 
-
135 
(a) Menadione Reductase Activities 
No difference 1n the rate of menadione reduction was observed 
1n haem-deficient cells grown 1n the presence of citrate or 1n the 
presence or absence of DHB (Table VI.S). It was previously observed 
(Table VI.I) that menadione reduction was not affected in ALA-deficient 
cells grown under iron-limiting conditions which suggested that such 
cells were not iron-deficient. However, rates of menadione reduction 
with D-lactate as substrate in ALA-reconstituted cells grown with 
citrate were similar to normal levels (Table VI.S), while with mannitol 
as substrateJthe rate of menadione reduction was higher in citrate-
grown cells but was still less than that found in cells grown in the 
presence of DHB. 
(b) Measurement of Proton Translocation Coupled to Menadione 
Reduction in Haem-Deficient Cells 
+ -The 4-H /2e ratio obtained with mannitol as substrate 1n 
citrate-grown cells was similar to that obtained in cells grown in the 
presence of DHB (Table VI . 6). This result suggested that the iron 
transported by the citrate-mediated system restored the ability of the 
cells to generate a proton gradient at site I. Therefore,in the 
absence of the enterochelin-mediated iron transport system, citrate 
provides adequate levels of iron for functional proton translocation 
activity at site I and indicates that iron rather than enterochelin 
is directly required for proton translocation at site I. 
TABLE VI.5 
Substrate 
mannitol 
0-lactate 
Menadione reductase activities in cells from strain 
AN704 (entA -) grown with added citrate 
Menadione reduction by cells* 
/\LA-deficient ALA-reconstituted 
+DHB -DHB +citrate +DHB -DHB +citrate 
343 328 307 342 129 271 
139 112 102 128 110 157 
Experimental details are described in Chapter II 
Cells were grown in the presence of lOrnM citrate 
*Results are expressed as nmoles menadione reduced/min per mg dry wt 
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TABLE VI.6 Proton translocation in ALA-deficient cells from 
strain AN704 grown with added citrate 
+ 
-+H /2e- ratio 
Substrate ALA-deficient cells 
+DHB -DHB +citrate 
mannitol 1.6 0.3 1. 7 
0-lactate 0.2 0.3 0.4 
Experimental details are described in Chapter II 
Additions of 400 nmoles of N2-saturated menadione were made to the cells incubated with substrate for Smin 
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D. DISCUSSION 
The effects of iron deficiency on respiration-linked proton 
translocation were investigated in cells unable to synthesise 
enterochelin and therefore unable to obtain iron by the enterochelin-
mediated iron transport system. Menadione reductase activity was 
unaffected in ALA-deficient cells. HoweverJthe decrease in menadione 
reductase activity in ALA-reconstituted cells indicated that an effect 
of iron limitation on electron transport was observed only after 
reconstitution of the cytochromes. The absence of menadione reductase 
activity and oxidase activity in ALA-sufficient cells suggests that 
these cells are more iron-limited than the ALA-reconstituted cells. 
During reconstitution of cytochromes, iron complexes with 
porphyrin to form haem. Reconstitution of the cytochromes was measured 
by assaying for . oxidase activity. Under iron-limiting conditions, 
reconstitution of the two oxidase systems was affected differently. 
The reconstitution of NADH oxidase was inhibited more than D-lactate 
oxidase under these conditions. 111ese observations suggest that when 
levels of exogenous iron are low, the source of the iron for cytochrome 
reconstitution is a non-haem iron component of the electron transport 
chain. The non-haem iron associated with NADH oxidase appears to be 
more readily removed to form haem than is the non-haem iron component 
of the D-lactate oxidase system. From this conclusion it is inferred 
that there are two different species of non-haem iron associated with 
the electron transport chain of E.coli and that the non-haem iron 
component of the site I region which appears to be more sensitive to 
iron-limitation, is used preferentially to form haem during cytochrome 
reconstitution. 
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It was previously suggested (see Chapter V) that menadione 
was accepting electrons from a site prior to cytochrome b. The loss 
of menadione reductase activity in ALA-reconstituted cells and the 
absence in ALA-sufficient cells under iron-limiting conditions reflects 
the depletion of non-haem iron from a site which occurs at or before 
the site from which menadione accepts electrons. The loss of electron 
flow from NADH to menadione and oxygen during storage of ALA-reconstituted 
cells of strain AN704 (entA-) at 4°C further supports the suggestion 
that removal of non-haem iron from the site I region is occurring during 
cytochrome reconstitution. 
It was observed that under iron-limiting conditions, electron 
transport from NADH to menadione was unaffected in haem-deficient cells 
of strain J\N704 (entA-). However the inability of these cells to 
generate a proton gradient at site I suggests that proton translocation 
is more sensitive to iron-limiting conditions than is electron transport 
through site I. Furthermore,a non-haem iron component appears to be 
required for proton translocation at this site I. One of the postulates 
of the chemiosmotic hypothesis [see Mitchell, 1976] states that the 
electron transport chain is a proton~translocating system. The conclusion 
drawn from the experimental observations is that the non-haem iron component 
of the proton translocating site is more sensitive to iron-limiting 
conditions than are other non-haem iron centres in the site I region, which 
results in the uncoupling of proton translocation from electron transport 
between NADH and menadione. The above conclusions are not inconsistent 
with the proton translocating component of site I being ubiquinone 
complexed with non-haem iron, as the presence of this compl ex has been 
previously suggested by Cox et a l. (1970 b). 
The loss of phosphorylation but not electron transport in the 
site I region of the respiratory chain during iron-limited growth has 
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been observed in Candida utilis [Light fi Garland, 1971; Light G Clegg, 
1974]. llowever in contrast, complete loss of NADH oxidase activity 
occurred in the ALA-sufficient cells of E.coli during conditions of 
iron-limitation. 
The restoration of proton translocation at site I on addition 
of citrate to the growth medium of cells unable to synthesise 
enterochelin also indicated that iron rather than enterochelin was 
directly required for proton translocation at site I. 
Chapter VII 
AN INVESTIGATION OF PROTON TRANSLOCATION AT SITE I 
IN MUTANT STRAINS UNCOUPLED IN 
OXIDATIVE PHOSPHORYLATION 
A. INTRODUCTION 
Mutant strains in which the Mg-ATPase complex is affected, 
have been designated unc . Such mutants are uncoupled in oxidative 
phosphorylation and it has been possible to broadly classify unc 
mutations as either affecting the F1 or F0 component of the Mg-ATPase 
complex by assaying the in vitro reconstitution of energy-linked 
reactions [see Cox & Gibson, 1974]. - The mutant strains carrying the 
uncA401 allele [Butlin et al . ~ 1971] and unc-405 allele [Cox et al.~ 
1974], both lacking Mg-ATPase activity, have been shown to have a 
defective F1 component, while strains carrying the uncB402 allele 
[Butlin et al., 1973] and uncC424 allele [Gibson et al.~ 1977] retain 
Mg-ATPase activity but have a defective F0 component. 
Investigation of proton permeability in wild-type and in 
141 
mutant strains lacking the Mg-ATPase [Rosen, 1973a,b] have led to the 
suggestion that a defect in the Mg-ATPase complex results in a membrane 
that is leaky to protons and consequently 1s unable to maintain the high-
energy state generated by respiration. DCCD was reported to repair 
the leakiness and restore respiration-driven functions which suggested 
that the Mg-ATPase complex may fulfil a structural role in the membrane 
[see Simoni & Postma, 1975]. 
An increase 1n the permeability of the membrane to protons 
JS therefore suggested to occur in the uncB and unc- 405 mutant strains . 
_.... 
This present chapter describes an investigation of proton 
translocation at site I in cells from mutant strains uncoupled in 
oxidative phosphorylation. The results obtained with the uncA, uncB 
and unc-405 mutants were similar and only those of strain AN721 (uncA) 
will be presented. 
B. RESPIRATION-LINKED PROTON TRANSLOCATION 
(a) Menadione Reductase Activities 
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Rates of menadione reduction in both haem-deficient and haem-
reconstituted cells of strain AN721 (uncA) are shown in Table VII.I. 
Electron transport activity from NADH to menadione was about 70% of the 
level observed in cells from strain AN704 while electron transport 
activity from D-lactate to menadione was slightly higher in strain AN721 
(uncA) . 
(b) Oxidase Activities 
The level of reconstituted D-lactate oxidase in strain AN721 
was similar to that found in strain AN704 while reconstituted NADH 
oxidase activity was only 50% of that of the normal strain (Table VII.2). 
(c) Measurement of Proton Translocation 
Typical proton pulses obtained in haem-deficient cells of 
strain AN721 (uncA) are shown in Fig.VII.land were similar to the 
proton pulses also obtained in the uncB and unc-405 mutants . 
Acidification of the external medium on the addition of menadione with 
mannitol as substrate was not collapsed by CCCP in contrast to that 
I· 
TABLE VII. 1 
Substrate 
mannitol 
D-lactate 
Menadione reductase activities 1n haem-deficient 
and haem-reconstituted cells from strains AN704 
and AN721 (uncA) 
Menadione reduction by cells* 
haem-
deficient 
336 
147 
AN704 
haem-
reconstitut~d 
354 
157 
AN721 (uncA) 
haem-
deficient 
244 
187 
haem-
reconstituted 
207 
177 
Experimental details are described in Chapter II 
*Results are expressed as nmoles menadione reduced/min per mg dry wt 
14 3 
14 4 
TABLE VII.2 Oxidase activities in haem-deficient and haem-
reconstituted cells from strains AN704 and AN721 (uncA ) 
Oxygen uptake by cells* 
Substrate AN704 AN721 (uncA) 
mannitol 
D-lactate 
haem-
deficient 
22 
37 
haem-
reconstituted 
181 
136 
haem-
deficient 
15 
30 
Experimental details are described in Chapter II 
*Results are ex~ressed as ng-atoms 0/min per mg dry wt 
haem-
reconstituted 
90 
136 
l· 
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FIGURE VII.l Proton pulses obtained in haem-defici ent 
cells from strain AN721 (uncA) on addition of N2-saturated 
menadione (400 nmoles) as oxidant pulse (arrowea). 
Substrates were a) mannitol, b) 0-lactate. Experimental 
details are described in Chapter II. 
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observed in cells from strain AN704 (see Chapter V), and indicated that 
a proton gradient coupled to menadione reduction was not generated at 
site I in haem-deficient cells of uncoupled mutants. 
-+H+/0 ratios obtained in haem-reconstituted cells yielded 
values of about 2 with mannitol as substrate and 1.4 with D-lactate 
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(Table VII.3). This resultJwhich was similarly obtained in the uncB and 
unc-405 mutants, indicated that a proton gradient did not appear to be 
generated at site I but was being generated at the second site of energy 
coupling in mutant strains uncoupled in oxidative phosphorylation. 
(d) Discussion 
Differences in rates of mannitol oxidation were observed in 
the uncoupled mutant strains and may reflect differing rates of mannitol 
uptake. The results presented here indicate that the uncA, uncB and 
unc-405 proteins are not involved in electron transport-driven proton 
translocation at site II but appear to be involved at site I. It is 
surprising that proton translocation coupled to electron transport should 
require a functional Mg-ATPase complex at site I. The possibility that 
the Mg-ATPase complex may be associated with some but not all 
phosphorylation sites would be difficult to reconcile with the 
chemiosmotic hypothesis which states [Mitchell, 1966c] that the Mg-ATPase 
is not an integral component of the respiratory chain. The generation 
of a proton gradient through ATP hydrolysis requjres a functional Mg-ATPase 
but is not respiration-linked. 
+ However, as the -+H /0 ratio of 1.4 obtained with D-lactate 
+ 
represents one site of proton translocation, the slightly higher -+H /0 
ratio obtained with mannitol as substrate suggests that some proton 
translocation at site I could be occurring. Therefore an alternative 
TABLE VII.3 
Substrate 
mannitol 
D-lactate 
147 
Measurement of proton translocation in haem-
reconstituted cells from strains AN704 and AN721 (uncA) 
,Li+/0 . 
-rr1 ratio 
AN704 AN721 (uncA) 
3.5 1.9 
1 . 7 1.4 
explanation is that a non-proton-translocating site I region of the 
electron transport chain is induced in uncoupled mutant strains under 
the growth conditions used. 
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The following section describes an investigation of different 
growth conditions under which proton translocation at site I might be 
induced. 
C. EFFECT OF GROWTH CONDITIONS ON INDUCTION OF PROTON TRANS LOCATION 
AT S IT E I I N ST RA I N AN 7 21 ( uncA ) 
(a) Effect of Metal Supplementation and Carbon Source for Growth 
When an ATPase-deficient mutant strain of E.coli was grown on 
a basal salts medium containing additional trace elements with glycerol 
as the carbon source, a -+H+/0 ratio of approximately 4 with malate as 
substrate was. obtained, indicating two sites of proton trans location were 
operative in these cells [J.A. Downie, personal communication]. In an 
attempt to obtain- a similar result in strain AN721 (uncA), cells were 
grown on medium 56 supplemented with the same concentrated trace element 
solution which consisted of iron, manganese, calcium, zinc, boron, 
cobalt and magnesium and was prepared as described in Chapter II. Casein 
hydrolysate (0.2% final concentration) was included in the growth medium. 
+ 
-+H /0 ratios obtained in haem-sufficient cells Qf strain AN721 (uncA) 
grown on glycerol in the metal-supplemented medium were compared with 
those obtained with mannitol as carbon source (see Table VII.4). 
+ . 
-+H /0 ~atios of 3.0 were obtained with mannitol as substrate 
in cells grown on glycerol in metal-supplemented medium. This result 
suggested that two sites of proton translocation were being measured and 
TABLE VII.4 
Substrate 
mannitol 
D-lactate 
glycerol 
endogenous 
Measurement of proton translocation and oxidase 
activities in haem-sufficient cells from strain 
AN721 (uncA) grown in metal-supplemented medium 56 
+ 
--+H /0 
2.3 
1.9 
NT 
NT 
Carbon source for growth 
mannitol 
oxygen 
uptake* 
347 
240 
276 
22 
glycerol 
+ 
-+H /0 
3.0 
2.4 
2. 7 
3.1 
oxygen 
uptake* 
113 
463 
501 
28 
Experimental details are described in Chapter II 
*Oxidase activities are expressed as ng-atoms 0/min per mg dry wt 
NT not tested 
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that proton trans location at site I ha<l been i nduce d in these cells . 
The presence of two coupling sites in strain AN721 (uncA) can also be 
1SO 
+ inferred from the +H /0 ratio of 3.1 obtained with endogenous substrates. 
(b) Menadione Reductase Activities and Proton Translocation in 
IIaem-Deficient Cells from Strain AN721 (uncA) 
The generation of a proton gradient at site I in strain AN721 
(uncA) was further investigated using haem-deficient cells. The rate of 
oxidation of mannitol was lower in the glycerol-grown ALA-sufficient 
cells of strain AN721 than in the mannitol-grown cells (see Table VII.4). 
The oxidation of mannitol is induced by growth on mannitol [see Postma 
& Roseman, 1976]. For this reason, the haem-deficient cells were 
prepared with glycerol and mannitol (3mM) together as substrates for 
growth. A higher rate of mannitol oxidation was obtained in strain AN721 
(uncA) when mannitol was present in the growth medium (Table VII.5). 
Figure VII.2 shows typical proton pulses obtained with the 
addition of menadione to haem-deficient cells from strain AN704 and AN721 
(uncA) in the presence of mannitol as substrate. The chart speed of the 
recorder was faster than that previously used (see Chapter V) in order 
to follow the formation of the peak of acidification. CCCP was added 
when the rate of acidification became non-linear and the size of the 
gradient was determined as described in the legend to Fig.VII.2. If the 
uncoupler was added later at the peak of the pulse of acidification, the 
size of the gradient was diminished as completion of proton fall back 
had occurred during the continued acidification of the medium. This 
acidification results from intermediates of mannitol metabolism produced 
in the medium on the addition of menadione and was therefore not collapsed 
by CCCP. The -+H+/2e- ratio of 0.9 obtained with mannitol as substrate 
(Table VII.6) also indicated that proton translocation coupled to 
TABLE VII . 5 Menadione reductase activities in haem-deficient 
cells from strains AN721 (uncA) and AN704 
Menadione reduction by cells* 
Substrate glycerol** glycerol+ mannitol** 
AN721 (uncA) AN721 (uncA) AN704 
mannitol 110 254 315 
D-lactate 110 116 126 
glycerol 290 222 NT 
endogenous 16 16 26 
Experimental details are described in Chapter II 
*Results are expressed as nmoles menadione reduced/min per mg 
dry wt 
**Cells were grown in metal-supplemented medium 56 on glycerol or 
on glycerol with 3mM mannitol 
NT not tested 
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FIGURE VII.2 Measurement of proton translocation in haem-deficient 
cells from strains a) AN704, b) AN721 (uncA) , - grown in metal-
supplemented medium with glycerol and mannitol as carbon sources. 
The cells were incubated with mannitol as substrate. The addition of 
N2-saturated menadione (100 nmoles) is indicated by the arrows. The 
~H+/2e- ratios were estimated from the size of the collapsible pH 
gradient after the addition of CCCP from the extrapolated peak of 
acidification to the baseline. The amount of menadione reduced in 
the time interval prior to addition of CCCP was estimated from the 
menadione reductase activity to be approximately 75 nmoles. 
Experimental details are described in Chapter II. 
. TABLE VII. 6 
Substrate 
mannitol 
0-lactate 
Measurement of proton translocation in haem-deficient 
cells from strains AN704 and AN721 (uncA) with 
glycerol+ mannitol as substrates for growth 
+ -
-+H /2e ratio 
AN704 AN721 (uncA) . 
1.3 0.9 
0.3 0 
+ - . 
-+H /2e ratios were measured as described in the legend to Fig.VII.2 
Growth conditions were as described in the legend to Table VII.5 
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menadione reduction at site I had now been induced in haem-deficient 
cells from the uncA mutant. 
D. DISCUSSION AND CONCLUSIONS 
Strain AN704 was shown to possess a proton-translocating site 
between NADH and menadione in haem~deficient cells (see Chapter V). In 
addition, site I was also present in haem-reconstituted cells but was 
shown to be unstable while in haem-sufficient cells of strain AN704 it 
was suggested that a non-proton-translocating site I region was operating. 
The results obtained in this chapter show that proton translocation at 
site I was not evident in uncoupled mutant strains grown on mannitol but 
was achieved when both haem-deficient and haem-sufficient cells from the 
uncA mutant were grown in metal-supplemented medium with glycerol as the 
carbon source. Mannitol was included in the growth medium in the haem-
deficient cells to obtain a higher rate of mannitol oxidation. The 
induction of site I by growth on glycerol in metal-supplemented medium 
suggested that a different electron transport sequence which translocates 
protons at site I was present under these conditions. 
+ -The finding that 4-I /2e ratios in mutant strains affected in 
the F0 and F1 component of the Mg-ATPase complex are similar to those 
measured in normal cells, indicates that energisation of the membrane 
during respiration does not require a functional Mg-ATPase. Furthermore 
the Mg-ATPase complex does not appear to play a structural role in the 
generation of a proton gradient. Moyle & Mitchell (1973) have 
demonstrated that ATP hydrolysis leads to the translocation of two 
protons . The generation of a proton gradient in mutant strains 
defective in the Mg-ATPase complex indicates the observed proton 
translocation in normal and mutant strains results from electron transport 
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rather than from reversal of the Mg-/\TPase . 
The site I specific assay developed in haem-deficient cells 
was used in the work presented in this chapter to demonstrate that only 
under certain growth conditions was a proton gradient generated at site 
I in mutant strains uncoupled in oxidative phosphorylation. 
l 
I 
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Chapter VIII 
GENERAL DISCUSSION 
The work presented in this thesis covers aspects of energy 
conservation in Escherichia coli and has added to the knowledge of the 
site I region of the electron transport chain of E.coli. Other work 
relating to the site I region published during the course of this 
investigation will be discussed in conjunction with work described in 
this thesis and with the broader aspects of energy conservation in E.coli. 
Measurements of respiration-linked proton translocation in a 
site specific assay in cytochrome-deficient cells led to the establishment 
of a site of proton translocation between NADH and cytochrome b. The 
postulated arrangement of electron carriers in the site I region of the 
aerobic respiratory chain of E.coli is presented in Fig.VIII.I. The 
scheme is formulated on the basis of the experimental observations 
obtained in this present work. NADH oxidation proceeds via the sequence 
of respiratory carriers shown, arranged in two proton-translocating 
segments, corresponding to sites I and II respectivelY,while electron 
flow from D-lactate interacts with this sequence at cytochrome b. Two 
sites of proton translocation are coupled to NADH oxidation while one 
site is associated with D-lactate oxidation, determined from the -+H+/0 
ratios obtained in cytochrome-reconstituted and _cytochrome-sufficient 
cells. The first site of proton translocation is located in the region 
of the electron transport chain between NADH and menadione as demonstrated 
+ -by the ~H /2e ratios obtained in cytochrome-deficient cells in the 
presence of mannitol as substrate. The segment of the chain between 
D-lactate and cytochrome b does not appear to contain a proton-translocating 
site. Menadione accepts electrons from a site prior to cytochrome b, 
t 
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FIGURE VIII.l Schematic representation of the electron transport 
chain of E.coli. The postulated site from which menadione accepts 
electrons and t he si t es of the iron components involved in proton 
translocation in the site I region are indicated. The operation of 
the s uggested "bypass " for electron transfer from NADH to menadione 
under conditions of iron-limitation is shown by the open arrow. 
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since similar rates of menadione reduction were obtained in cytochrome-
deficient and cytochrome-sufficient cells (Chapter V). Furthermore, 
ubiquinone functions before cytochrome band menadione interacts at a 
site at or after the site of ubiquinone,as suggested from the results 
obtained with the inhibition by piericidin A and HQNO of electron 
transfer to menadione with NADH as substrate but not with D-lactate. 
The conclusion that ubiquinone functions before cytochrome b confirmed 
a similar suggestion previously made by Cox et al. (197Gb). On the basis 
of these experimental observations, as well as those presented in Chapter 
VI, the proton-translocating component at site I is suggested to be 
ubiquinone complexed with non-haem iron. The generation of the "high-
energy" membrane state in the segment of the electron transport chain 
between NADII and cytochrome b but not between D-lactate and cytochrome b 
was further demonstrated by the menadione-stimulated uptake of praline, 
energised by mannitol but not by D-lactate in haem-deficient cells. The 
energisation of the membrane was coupled to electron transport rather 
than to ATP hydrolysis since a proton gradient was generated in mutant 
strains affected in the Mg-ATPase complex (Chapter VII). 
The use of mutant strains that were unable to obtain iron by 
the enterochelin-mediated iron transport system not only provided a means 
of investigating the effect of iron limitation on energy conservation 
at site I but led to the tentative identification of a previously 
unrecognised iron component present in the site I region. Such conditions 
of iron limitation resulted in the site I-specific loss of proton 
translocation associated with the oxidation of NADH (Chapter VI). The 
operation of a "bypass" route of electron flow between NADH and cytochrome 
b, as shown in Fig.VIII.I is supported by the finding that menadione 
reductase activity was retained in the absence of proton translocation 
at site I in cytochrome-deficient cells. The non-haem iron at the site 
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of proton translocation 1s appare11tly more sensitive to iron limitation 
than are other non-haem iron components at site I, and as a result of 
the depletion of iron from this site, the bypass route for electron 
transfer would then be induced . Menadione is shown to accept electrons 
from an iron-containing site which is likely to be an iron-sulphur protein. 
It is envisaged that the iron at this site is depleted during cytochrome 
reconstitution when it is removed to complex with haem under conditions 
of reduced levels of exo·genous iron . The loss of menadione reductase 
activity in ALA-sufficient cells and the decrease of activity with time 
in ALA-reconstituted cells supports this hypothesis. The non-haem iron 
component associated with NADH oxidase appears to be a different species 
from that associated with D-lactate oxidase and appears to be more 
readily removed during cytochrome reconstitution,since the reconstitution 
of NADH oxidase was inhibited more than D-lactate oxidase under iron-
limiting conditions . Eventual depletion of the iron with time completely 
inhibits both oxidase systems as observed in the ALA-sufficient cells. 
Evidence for a non-proton-translocating sequence of electron 
carriers in the site I region operating in haem-reconstituted and haem-
sufficient cells under normal growth conditions is supported by the 
decrease with time in -~-H+/0 ratios with mannitol as substrate in haem-
reconstituted cells and the lowered ratios observed in freshly prepared 
haem-sufficient cells (Chapter V). In these cells it appears that both 
the proton-translocating and the non-proton-translocating sequences are 
operating 1n parallel. The sequence of electron carriers at site I 1s 
dependent on growth conditionsJas evidenced by the induction of a proton-
translocating site I region in the uncoupled mutant strain when grown 1n 
metal-supplemented medium with glycerol as carbon source (Chapter VII). 
A possible characteristic of the electron transport chain of E.coli 
might be the presence of a metabolic control mechanism to bypass site I 
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under certain growth conditions. Prom the evidence obtained, it is 
inferred that si.te I is not normo.lJy present but is inducccl uncler 
suboptimal conditions of growth or under metabolic stress, for exampl e , 
in cytochrome-deficient cells where site II is not operative, or in 
uncoupled mutant strains grown on glycerol where the unavailability 
of glycolytically-produced ATP and the limiting amount of glycolytically-
produced NADH available for reoxidation, might further increase the 
demand for the generation of the "high-energy" membrane state from 
electron transport. Such a bypass mechanism has been suggested to 
function in mitochondria from Candida utiZis and Saccha:romyces [Ohnishi, 
1973]. A comparison of the cytochrome composition of freshly prepared . 
haem-reconstituted cells with that of cytochrome-sufficient cells 
would distinguish between the presence of a bypass sequence of electron 
carriers at site I only, or the induction of an alternative respiratory 
chain. The scheme as presented in Fig.VIII .I would predict that an 
electron transfer bypass route from NADH to menadione might also be 
induced in a quinone-deficient strain with the concomitant loss of 
proton translocation at site I. 
Energy conservation at site I appears to be unstable and, 
as demonstrated in Chapter V, the ability to generate a proton gradient 
at site I is readily lost in intact cells. It is therefore not 
surprising that oxidative phosphorylation at site I cannot be detected 
in membrane preparations. The site I region could possess a labile 
-
structure which is readily susceptible to damage during the preparation 
of membranes, resulting in dislocation of proteins or loss of a 
coupling factor. 
The energy-dependent reduction of NAO+ by succinate in 
membrane preparations from E. coli [Sweetman & Griffiths, 1971] has 
been used as an alternative approach to demonstrate the pres enc e of a 
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site of energy conservation between NADII and cytochrome b. The conclusion 
drawn from the measurement of reverse electron flow at site I in 
membranes from a ubiquinone-deficient and from a haem-deficient strain 
[Poole & Haddock, 1974b], is in agreement with the observations presented 
in Chapter IV that electron transport in the site I region is ubiquinone-
dependent but cytochrome-independent, and furthermore strongly supports 
the postulated role of ubiquinone in energy-coupling at site I. 
Additional experimental evidence for the nature of the energy transducing 
component at site I could be obtained from the measurement of the energy-
+ . dependent reduction of NAO 1n membranes from a mutant strain affected 
in the enterochelin-mediated iron transport system. 
Iron limitation was experimentally difficult to achieve in 
E.coli particularly when the cells were being simultaneously limited 
for growth by 5-aminolaevulinic acid. Since iron is a constituent of 
both cytochromes and iron-sulphur proteins, the effects of iron limitation 
on functional alterations of the electron transport carriers are complex. 
There is therefore, an obvious advantage in the investigation of iron 
limitation in cytochrome-deficient cells, in that effects on the non-
haem iron proteins only are being examined. 
The effects of iron limitation on energy conservation at site 
I described in Chapter VI are analagous to those reported by Poole & 
Haddock (1974a, 1975) on sulphate limitation of E.coli. The --*I+/0 
ratios obtained with NADH-linked substrates dec-reased from 4 to 2 in 
sulphate-limited cells and membrane preparations lacked the energy-
dependent reduction of NAD+ by succinate. Both observations implied a 
loss of site I. It was suggested that the depletion of iron-sulphur 
proteins led to a short-circuit of the proton-translocating segment 
which had similarly been suggested for iron- and sulphate-limited yeast 
[Garland et al.~ 1972]. An alternative explanation that the synthesis 
of a new rcspi.ratory chain with a non-proton-translocating NJ\Dll 
dehydrogenasc and extra cytochrome components was supported by the 
observation that cytochromes b 556 and b 562 had been replaced by 
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cytochrome b 558 and cytochrome d. This chain had one proton-translocating 
segment analagous to the electron transport chain of anaerobically grown 
E.coli [Brice et al.~ 1974; J.A. Downie, personal communication]. The 
co-ordinate synthesis of alternative respiratory chain components has 
been observed under a variety of different growth conditions [see Jones, 
1977]. For example, the growth of cells in the presence of low 
concentrations of cyanide, induced the synthesis of menaquinone and 
of alternative cytochromes b 558 , a and d [Ashcroft & Haddock, 1975] 
and illustrates the ability of the cell to adapt its respiratory chain 
components to changes in the availability of oxygen in the growth medium. 
The inability to couple solute transport to the "high-energy" 
state generated by respiration has been investigated in membrane 
vesicles from E.coli [Kaback, 1972, 1974]. Transport under aerobic 
conditions has been shown to be coupled primarily to the oxidation of 
D-lactate despite the fact that NADH is oxidised by the vesicles at 
least as effectively. Stroobant & Kaback (1975) demonstrated that NADH 
did not energise the uptake of solutes unless ubiquinone-1 was added, 
suggesting that ubiquinone-1 mediated the flow of electrons from NADH 
dehydrogenase to the span of the chain containing the second coupling 
site. This observation suggests that the "high-energy" membrane state 
might not be generated at site I in these membrane vesicles. Furthermore, 
Hertzberg & Hinkle (1974) measured -+H+/0 ratios in French press-
prepared vesicles with NADH as substrate, obtaining values of 
approximately 2. They suggested that the membranes were not fully 
coupled which may imply that proton translocation at site II only was 
being detected. Attempts to measure respiration-driven proton 
translocation in French press-prepared membranes during this present 
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study were unsuccessful. Ilowever, this work has demonstrated the 
generation of the "high-energy" membrane state at site I in whole 
cells and that this "high-energy" state can be coupled to active 
transport. As discussed in Chapter V, mannitol was used as oxidisable 
substrate to generate NADH internally. However, since this work was 
done it has been found that intact cells of E.coli oxidise added NADH 
provided the cells are adequately starved of endogenous substrates 
[W . N. Konings, personal corrununication]. 
Generation of the "high-energy" membrane state coupled to 
respiration and to the hydrolysis of ATP has been demonstrated in 
membrane preparations using fluorescent dyes. The quenching of 9-amino-
6-chloro-2-methoxy acridine (atebrin) alters with changes in the 
energised state of various membrane preparations [Azzone & Massari, 
1973] including particles from E.coli [Nieuwenhuis et al.~ 1973; 
Haddock & Downie, 1974] . It is not clear how the quenching is related 
to the generation of a transmembrane pH gradient. Haddock & Downie 
(1974) used this technique qualitatively to demonstrate the presence 
of a functional proton-translocating respiratory chain after oxidase 
activities had been reconstituted in membranes from a haem-deficient 
strain . Ubiquinone-stimulated quenching was demonstrated in a 
ubiquinone-deficient mutant. In addition, Downie (personal communication) 
obtained CCCP-sensitive proton translocation coupled to NADH oxidation 
by ubiquinone-1 in spheroplasts from cytochrome-deficient cells of 
E.coli. These observations, together with the present findings, 
further indicate the ubiquinone-dependent, cytochrome-independent 
nature of the proton translocation site in the site I region of the 
electron transport chain of E.coli. 
Recently, Devor et al. (1974) and Singh & Bragg (1974, 1976, 
1977) have demonstrated ATP-dependent, respiration-independent transport 
164 
and transhy<lrogcnasc activities, proton translocation and 9-amino-
acriclinc fluorescence quenching in cytochrome-deficient mutants. The 
direct measurement of respiration-driven proton translocation in 
uncoupled mutants (see Chapter VII) is in agreement with results that 
have been previously obtained in such mutants which show that electron 
transport-dependent activities are normal, for example, active transport 
[Schairer & Haddock, 1972; Or et al.~ 1973; Rosen, 1973b; Berger, 
1973; Rosenberg et al.~ 1975; Grinius & Brazenaite, 1976] while there 
is a loss of ATP-driven reactions such as the transhydrogenase [Cox et 
al.~ 1971; Bragg & Hou, 1973] and the reduction of NAD+ by succinate 
[Poole & Haddock, 1974b]. The ATP-dependent quenching of atebrin 
fluorescence is lost in membranes from uncoupled mutants [Gibson et al.~ 
1977] but respiration-dependent quenching is retained. These observations 
further indicate that the proton gradient measured in the uncoupled 
mutant strains (Chapter VII) was not generated by ATP hydrolysis. 
Energy coupling specifically at site I has been observed with 
the NADH-ubiquinone reductase from beef-heart mitochondria (complex I) 
incorporated into phospholipid vesicles [Ragan & Hinkle, 1975]. Proton 
translocation coupled to the oxidation of NADH by ubiquinone-1 yielded 
+ -
-+H /2e ratios similar to that observed in analagous experiments in 
submitochondrial particles. The presence of a coupling site in this 
section of the respiratory chain was further indicated by the electron 
transport-dependent uptake of the permeant anion tetraphenylboron. 
Recent reports in the literature [Brand et al.~ 1976; Brand 
& Lehninger, 1977] have claimed that underestimates may be made of the 
number of protons translocated if there is a rapid diffusion back into 
+ the eel 1 of II with anions such as phosphate or formate [Garland et al.~ 
1975]. + -It was suggested that the -+H /2e ratio per site could be at 
I_ 
least 3. However, this suggestion requires further experimental 
evidence as an alternative mechanism of quinone reduction would be 
required. 
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Studies with mutants of E.coli affected 1n the NADH oxidase 
activity (designated ndh) [Young & Wallace, 1976] have indicated that 
such mutants are affected in the transfer of electrons within the NADH 
dehydrogenase complex from NADH to ubiquinone [Young & Paulis, 1977]. 
Direct evidence for the possible involvement of iron-sulphur proteins 
in this complex prior to ubiquinone and at other locations in the 
site I region could be obtained from EPR studies similar to those made 
in mitochondrial systems [Ohnishi, 1973; Ragan, 1976]. The nwnber of 
iron-sulphur protein components present, their sequence in the electron 
transport chain and identification of the energy transducing components 
could also be obtained from measurements of their redox potentials. 
These investigations would further an understanding of the mechanism 
of energy conservation at site I in Escherichia coli. 
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